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Abstract 
Composite repairs are often used for damaged structures in order to recover the mechanical 
properties of the original structure. During service, there is the possibility that damage will occur 
in the repaired region and hence it would be useful to be able to monitor such repairs. This 
research investigates the use of chirped fibre Bragg grating (CFBG) sensors to monitor the 
development of fatigue damage initiation and growth in the repaired region of three different 
repair systems, i.e. glass fibre reinforced polymer (GFRP)-to-GFRP scarf repair, GFRP-to-GFRP 
patch repair and a GFRP patch repair to an aluminium panel. All of these repairs were 
investigated using a combination of experimental testing and theoretical predictions using finite-
element analysis and optical prediction software. For each repair system, the CFBG sensor was 
embedded in the bond-line during the repair fabrication and the transparency of the GFRP 
material enabled damage to be observed and recorded. 
 
The work began by fatigue loading the GFRP-to-GFRP scarf repair coupon under 4-point 
bending. The CFBG sensor was embedded in the tensile side of the repair. For this system, the 
growth of the bond-line cracks could be detected but an accurate determination of the extent of 
damage was not possible. This was mostly due to the geometry of the scarf repair which led to a 
high degree of complexity in the interpretation of the data. There was good agreement between 
the trend of the changes in the spectra in the comparisons of the experimental results and finite-
element/optical modelling, although the experimental spectra showed smaller changes than were 
produced by the modelling. 
 
The second repair system investigated was the GFRP-to-GFRP patch repair which was tested 
in the same way as the scarf repair system. An asymmetric repair was fabricated with the patch 
being bonded on the tensile face of the coupon. Here, it can be said that growth of the bond-line 
cracks can be detected using CFBG sensors, and an accurate determination of the current length 
of the cracks from the spectra was achieved. A explanation of the shift of the low-wavelength 
end of the spectrum changes with increasing crack growth was provided in terms of strain field 
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change caused by the bond-line cracks. There was good agreement in the comparisons of the 
experimental results and finite-element/optical modelling. 
 
Finally, the third repair system investigated was the patch repair of an aluminium panel which 
was fatigue loaded in tension. Prior to repair, the aluminium panel was notched at the centre in 
order to promote crack initiation. Again, an asymmetric repair was fabricated. It can be 
concluded from the results that the embedded sensor could clearly detect the approach of a 
fatigue crack and indicate when the crack had passed the location of the sensor. Again, there was 
good agreement in the comparisons of the experimental results and finite-element/optical 
modelling. 
 
The work has shown that CFBG sensors can be used to monitor damage development in 
various types of repairs and can give an indication of damage initiation for all of the cases 
investigated. However, where there is significant geometrical complexity to the repair, as in the 
case of a scarf repair, detailed interpretation of the spectra in order to extract information on 
damage growth is much more difficult. 
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1  
Introduction 
1.1. Background 
Composite materials are being increasingly used on a wide range of applications. The advantages 
of these materials include their specific strength and stiffness, fatigue and corrosion resistance. 
However, they are more susceptible to mechanical damage and property degradation due to 
moisture and temperature than metals. Mechanical damage can occur easily by a simple drop of a 
tool or bird strike, for example. Damage in composites usually happens at the microstructural 
level with distributed and interacting damage modes, and its detection is normally far more 
complex than for metals due to both the anisotropy of composites and the fact that much of the 
damage occurs inside the material and therefore is not visible on the surface. 
The increase in the use of composites has led to an increasing interest in composite repair 
technologies. In particular, adhesively bonded composite repairs, due to their many advantages, 
have received much attention. The ability to repair structures and restore their mechanical 
properties is of considerable importance in extending the life of a structure, allowing the structure 
(for example, an aircraft) to continue in-service. Prediction of both strength and durability of the 
repaired structure is thus a very important consideration and much attention has been paid to 
produce more efficient composite repairs and to develop new design methodologies including life 
prediction using the FE method. However, and equally important, there is a need to monitor 
these repairs especially in critical applications such as in civil aircraft. This dissertation is 
concerned with monitoring the damage which may develop in such repairs. 
With regard to repairs, adhesively bonded composite patches have been widely used in civil, 
marine and aerospace structures (both metallic and composite) because of the advantages that 
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composites offer (as described above) and the advantage of distributing the load transfer and 
avoiding the stress concentrations caused by mechanical fixings. Of the available geometry of 
repairs, the aerospace industry has developed the scarf repair which allows better strength and 
stiffness restoration compared with a simple overlaid patch and also provides less aerodynamic 
disturbance. This technique is frequently used for repairing composite structures. Composites are, 
in themselves, complex materials but composite-to-composite adhesively bonded repairs add to 
this complexity because of the combination of composite-composite and composite-adhesive 
bond interaction. Therefore, an understanding of the mechanical behaviour of these systems is 
particularly challenging and is not currently well understood. Consequently, “health” monitoring 
of composite repairs assume a particularly important role. To achieve this, the repair needs to be 
monitored in an effective way by first identifying if damage has initiated and, second, how far the 
damage has propagated. The former may well be enough in certain cases for an immediate “out-
of-service” call to be placed on the structure. 
1.2. Project aims and objectives 
This thesis is concerned with the possibility of using a type of optical sensor (a chirped fibre 
Bragg grating sensor) for damage detection and monitoring of composite repairs. In common 
with other optical sensors, these sensors do not cause any electro-magnetic interference to any 
system, their technology for mass production is well established, they provide strain 
measurements and they do not significantly change the mechanical properties of the repair when 
embedded within the repair. Furthermore, it is possible to build a network of sensors. The only 
input needed is a source of light which allows a quick “plug and play” on site or the possibility of 
remote real time monitoring. 
The aim of this study, then, is to investigate and validate the use of chirped fibre Bragg grating 
(CFBG) sensors for damage detection and monitoring of adhesively bonded composite repairs. 
Moreover, finite-element (FE) and optical modelling are used to interpret and reinforce the 
experimental findings. Previously, embedded CFBG sensors have been used to monitor 
delamination and manufacturing defects in unidirectional composites and single-lap joints, so the 
use of embedded sensors in far more complex systems, as in these composite repairs, is entirely 
novel. 
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1.3. Thesis overview 
With regard to the structure of the thesis, Chapter 2 reviews key literature on structural health 
monitoring of composite materials and structures (including optical methods) and composite 
repairs in general. Chapter 3 describes the general experimental methods and modelling 
methodology adopted across the three different repair configurations considered. Subsequently, 
Chapters 4 to 6 describe the experimental and numerical findings on the use of CFBG sensors 
embedded in different repair systems to monitor damage within the three systems considered, i.e. 
a GFRP-to-GFRP scarf repair, a GFRP-to-GFRP patch repair and an GFRP-to-aluminium patch 
repair, respectively. The overall conclusions and future work are summarised in Chapter 7. 
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2  
Literature review 
2.1 Introduction 
Many of the structural systems of the future will be made of “smart materials” which are able to 
withstand the in-service mechanical loads but also have the capability of performing different 
tasks for better in-service efficiency and in-service cost reduction. This capability could include, 
for example, structural health monitoring system, morphing ability (i.e. the ability to adapt to new 
shapes for better aerodynamic efficiency and structural performance) and self-healing systems. 
This thesis is concerned with the investigation of a localised in-situ damage monitoring 
capability in adhesively-bonded composite repairs; this performance monitoring is not envisaged 
to be part of the original structure but introduced as a consequence of maintenance and repair. In 
the research work presented in this thesis, chirped fibre Bragg grating (CFBG) sensors are 
embedded within the repair to monitor the damage initiation and propagation in the repair itself. 
The use of this type of FBG sensor to monitor changes to the strain field is a relatively new 
technique which has been used in previous works embedded within the bond-line of joints and 
FRP laminates [5], and surface-mounted [6]. However, the sensors have never been used to 
monitor composite repairs which are commonly used to restore the mechanical properties of 
structures and therefore to extend the life of the structure. 
This chapter seeks to provide a review of the state-of-the-art on the use of FBG sensors for 
structural health monitoring of composite materials and adhesively bonded composite repairs. 
The review assumes that the reader has a basic knowledge of composite materials (the reader is 
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referred to basic texts such as Hull and Clyne [7] and Matthews and Rawlings [8], for example) 
and includes sections on adhesively bonded composite repairs (including testing and damage 
observations). The use of non-optical and other optical methods for structural health monitoring 
of composite materials and repairs is also included. 
2.2 Adhesively bonded composite repairs 
The use of fibre reinforced polymers (FRP) has grown in recent years in aerospace, automotive 
and marine structures because of their advantages over other engineering materials, i.e. specific 
strength and stiffness, and fatigue and corrosion resistance [9]. For example, composites have 
been used in primary and secondary structures of the most modern civil aircrafts. The new 
Airbus A350 XWB and the Boeing 787 Dreamliner contain more than 50% of composite 
materials [10], [11]. However, the maintenance and repair of FRP structures has always been a 
cause of concern to manufactures and to end-users [9]. The use of composite materials to repair 
metallic structures was pioneered by Baker et al. [12] in the 1970’s. Since then, new composite 
repairs techniques have been developed including composite-to-composite repairs. Although, 
there have been suggestions in the past that bolted [9], [12]–[15] and resin infused [16], [17] 
repairs of composite materials are possible, current techniques of composite repair largely use 
adhesive bonding. Consequently, this review focuses on adhesively bonded repairs. 
The use of adhesive bonding as a structural joining method has expanded greatly in recent 
years with the increasing use of composites [12]. The advantage of adhesive bonding is that it can 
deliver a high structural efficiency and improved fatigue life. Disadvantages include the need for a 
controlled environment during the bonding process and the difficulties to disassembly after the 
joint has been bonded. Adhesively bonded repairs are the most widely used repair technique that 
uses composites as reinforcement. The main concerns related to adhesively bonded composite 
repairs is the quality of surface preparation prior to bonding, the design of the repair and the 
prediction of the short term and long term strengths of the repaired configuration [9]. 
Composite materials have been used to repair both damaged metallic and composite 
structures (e.g. fatigue crack in metallic structures or impact damage in composites), providing 
partially or fully restored mechanical properties of the damaged structure and avoiding the costly 
scrapping of large assemblies. Therefore, efficient and cost-effective structural repairs are 
important in order to extend life of a structural system (e.g. of an aircraft). Despite different 
environmental and structural requirements from aircraft to aircraft, especially between civil and 
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military, there are only minor variations in good practice in bonded composite repair. In general, 
the repair should be designed such that the adhesive is loaded in the direction of its maximum 
strength (i.e. in the shear direction) [12]. 
There are two common types of adhesively bonded repairs, i.e. the external patch repair and 
the internal patch repair or scarf repair as shown in Figure 2.1. This figure shows the schematics 
for the patch and scarf repairs which include isometric views for three-dimensional visualisation. 
In patch repairs (Figure 2.1a), a single- or double-sided pre-cured external composite patch is 
bonded to reinforce the damaged region of the parent material. Here, the bonding is normally 
accomplished by the use of thin film adhesives. In scarf repairs (Figure 2.1b), the laminating of 
the composite scarf patch (i.e. the insert patch) is usually accomplished in the parent material 
(normally using the hand lay-up technique) after the parent material has been machined through 
the thickness at an angle (i.e. the scarf angle) in order to remove the damaged material. However, 
a block of pre-cured and machined plies to the scarf shape can also be bonded into the scarf area. 
Following the laminating of the scarf patch by introducing plies cut to the required sizes into the 
scarfed region, two overplies (or overlap plies) of the same material are generally added (one on 
each side of the repair), normally consisting of one or two plies each. At this stage, the repair is 
then ready to be cured within the parent material. The scarf repair technique was developed in 
the aerospace industry and is the normal method used to repair composite structures. The 
overply (usually a thin layer of composite) is hardly noticeable. 
 
(a) 
 
 
 
(b) 
 
 
Figure 2.1: Schematic of different configurations of adhesively bonded repairs: (a) patch repair with 
parent material cut-out and (b) scarf repair (not to scale). 
 
As shown in Figure 2.1a, in the patch repair there is a circular cut-out in the parent panel 
obtained from machining away the damaged material. The size of this cut-out depends on the 
size of the damaged region which can be uniform through-thickness for metals (e.g. fatigue 
crack) or non-uniform through-thickness for composites (e.g. impact damage from bird strike or 
by a simple drop of a tool), but also on the size of the structure itself. Machining away of the 
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damaged material removes the damaged material and the very high stress/strain concentrations 
formed by the presence of damage crack tips. Depending on the damage depth and the thickness 
of the composite structure, the cut-out has to be deep enough to ensure the complete damaged 
region removal. However, this reduces the strength of the panel because of the decrease in the 
load carrying cross-section area. Therefore, the aim of bonding of the patches is to restore the 
strength and stiffness of the panel by creating new load paths enabling a more uniform 
stress/strain field. In order to save time and reduce costs, repairs implemented without 
machining-out of the damage region have also been investigated [18]–[22]. However, this is not 
used in the case of critical applications because, due to the presence of the stress concentration at 
the tip of the crack, there is the potential for further crack grow even if at a slower rate. For the 
repair of non-flat structures (or curved structures), the patch fabrication and bonding is 
accomplished at the same time, i.e. fabricated from the same technique used for scarf repairs. The 
patch is normally circular because it reinforces the repair equally in every in-plane direction. The 
advantages of the use of a symmetric repair (consisting of two bonded patches – one on each 
side of the structure) are easy to understand as symmetry is preserved, however, this is not always 
practical because of the difficulty in accessing both sides of the structure. From a sector 
perspective, the composite patch repair is the most widely used repair technique, especially in 
civil structures (e.g. bridges) [6]. However, there have been some restrictions on the use of 
adhesively bonded repairs in primary aircraft structures because a conservative certification 
approach is applied to primary structures, where no credit is given to the patch system for 
slowing down crack growth or restoring residual strength [23]. 
In scarf repairs (Figure 2.1b), the machining occurs at an angle to produce a scarf cut-out. 
This angle is known as the scarf angle. The scarf patch normally has the same lay-up (or stacking 
sequence) as the parent material for better integration into the parent material in terms of 
maintaining the continuity of material properties. The overplies (consisting of a few layers of 
additional composite material) are used to reinforce further the repair. As the work in this thesis 
will show, the overplies are especially significant because the scarf patch bond-line ends provide 
points prone to damage initiation due to the stress/strain concentration found there. Although 
scarf repairs are normally more complex and more expensive than patch repairs, the scarf repairs 
are more efficient in terms of stiffness and strength restoration, are essentially flush and cause 
minimal aerodynamic disturbance. Patch repairs can be applied to thick or thin structures and are 
less critical in nature than scarf repairs. The use of scarf repairs in thick structures can be 
problematic since a large amount of material needs to be removed to give sufficiently low scarf 
angles. Low scarf angles (normally between angles of 1° and 5°) are required for better strength 
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and stiffness restoration. At these angles, the bond-line is predominantly under shear stress and 
the repair strength is dominated by the parent material failure [1]. 
One procedure that is vital for good bonding is the surface treatment. This is normally 
achieved by degreasing, grit blasting (or hand-sanding) and further degreasing the materials to be 
bonded. Preventing contamination of both the adhesive and the substrates following the surface 
treatment is very important for bonding durability. The repair should be cured under constant 
temperature and pressure following the adhesive manufacturer guidelines. 
The current design methodology for bonded repairs often assumes a joint representing the 
most highly loaded section in a 3-dimensional repair. As a consequence, this 3-dimensional repair 
is considered as a 2-dimensional problem. There have been some discussions about the adequacy 
of the design methodology for bonded repairs [1], [24]. Wang et al. [1] and Soutis et al. [24] have 
argued that the 2-dimensional approach is a conservative approach for bonded repairs because it 
ignores the ability of the parent material to carry load and therefore, the load-sharing between the 
parent material and the repair. This 2-dimensional limitation is in part due to the complexity of 3-
dimensional problem which lack analytical solutions. However, FE methods have emerged to 
help predict more accurately the behaviour of these repairs. Nowadays, with more powerful 
computers, this is becoming a widely accepted method for the design of composite repairs. 
2.3 Damage and performance of adhesively bonded composite 
repairs 
2.3.1. Introduction 
 
Damage in bonded composite repairs may occur in the adhesive (cohesive or interfacial), in the 
composite patch (in the form of matrix cracking, delamination or fibre fracture) or in the parent 
material that can be made either of metal (to repair fatigue crack growth, for example) or of 
composite (to repair delamination, matrix cracking or fibre fracture). In the next sections, a 
review of the most relevant literature regarding damage in composite repairs is presented. 
 
2.3.2. Damage observations in patch repairs 
 
Composite patch repairs have been used widely to repair metallic structures. Here, the main 
concern for safety and durability is related with the quantification of the structural fracture 
resistance under loading. Regarding composite patch repairs to composite structures, this has not 
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been as popular as the previous repair system. This is in part due to metals still being more widely 
used than composites. Composites are normally used in advanced structural systems where 
preference has been given to scarf repairs. 
Baker et al. [18] performed an experimental study on fatigue crack propagation in patched 
aluminium (2024-T3) coupons loaded in tension-tension. The aim of this study was to assess the 
effect of different repair curing temperatures on repair efficiency under fatigue loading. Also, the 
same tests were performed at elevated temperatures. The panel dimensions were 300 mm long, 
160 mm wide and about 3.2 mm thick. An initial notch of 5 mm was introduced at the edge of 
the aluminium coupons before repair. A semi-circular unidirectional boron/epoxy (5521/4) patch 
of diameter 150 mm and of thickness 0.9 mm was fabricated. The patches were tapered on the 
edges in order to minimise the peel stresses. A single patch (asymmetric repair) was centrally 
bonded over the crack and two different adhesive films were used for two different repairs, i.e., 
the Flexon 241 and the FM®-73. The repair system using FM®-73 was cured at 120 °C and the 
other using the Flexon 241 was cured at room temperature. 
The results showed crack growth in the aluminium panel in both repair systems and 
debonding of the patch along the crack only in the repair system using FM®-73. For the repair 
system having a patch bonded with Flexon 241, the crack grew about 30 mm after 300000 cycles. 
Here, the crack only started to grow after 150000 cycles showing the repair to be very efficient, 
with high levels of retardation and low levels of crack growth rate. The reason for this is due to 
low levels of residual thermal stresses in the bond-line and the good fatigue resistance, and the 
ability to minimise disbond of the adhesive. On the other hand, for the repair system having a 
patch bonded with FM®-73, much lower levels of retardation (of about 25000 cycles) and higher 
crack growth rates were observed. Here, the crack grew about 50 mm after 150000 cycles. Also, 
observations of the disbonded region (by stripping the patches from the aluminium panel at 
elevated temperature) revealed to be of different sizes and shapes but symmetric to the crack. 
However, the trend was always the disbond to get wider with crack growth. The lower efficiency 
of this repair system was due to higher residual thermal stresses and the formation of the 
disbond. For the higher temperature tests, the test specimens were subjected to 60 °C and 100 °C 
for the repair systems using the Flexon 241 and the FM®-73, respectively. These temperatures 
were the nominal limitation of each adhesive (i.e. the glass transition temperature, Tg). The results 
showed that, at temperatures up to 100 °C, the efficiency of repaired system using the FM®-73 
showed no changes in contrast when using Flexon 241 which decreased greatly at 60 °C. Similar 
disbonds sizes and shapes were observed when using the FM®-73 and no disbonds were 
observed when using the Flexon 241. Regarding the disbonds, it was reported that they always 
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occurred at the interface adhesive/patch. This seems counterintuitive and should be subject of 
careful analysis in the future. 
 
Schubbe et al. [19] also performed an experimental study on fatigue crack propagation in 
patched aluminium coupons loaded in tension-tension. The aluminium (2024-T3) coupons, about 
500 mm long by 150 mm wide, and different thicknesses (about 3 mm and 6 mm), were pre-
notched in the centre and repaired asymmetrically (single repair) with a unidirectional 
boron/epoxy pre-impregnated composite patch. Figure 2.2 shows the schematic of the repaired 
coupons. Here, the rectangular patches, about 140 mm by 150 mm by 2 mm thick, were tapered 
at the edges and patches with different taper angles were used (i.e. 51 mm, 68 mm and 102 mm). 
The patches were bonded using the adhesive film FM®-73 cured at 121 °C. 
 
Figure 2.2: Schematic of the repaired coupons (plan and section views) with dimensions [19]. 
 
The results showed that fatigue life was extended by a factor of four to five times relative to 
the unpatched and notched plates. The different patch sizes used did not influence the fatigue life 
of the thicker coupons. Damage grew in the aluminium panel with a through-thickness 
asymmetric crack front (due to the asymmetric repair). After a crack growth of 90 - 100 mm, 
debonding of the patch occurred. Similar results were obtained by Hosseini-Toudeshky et al. [20] 
but using unidirectional glass fibre/epoxy pre-impregnated laminate for the patch. The results 
showed that the use of single-sided patch repairs was more efficient in thin coupons than in thick 
coupons and that the patch configuration did not influence debond growth. The crack front 
asymmetry was reported to be significantly greater in thicker coupons. 
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Aglan et al. [21] performed an experimental study on the fatigue crack growth of pre-notched 
and patched aluminium (Al 7075-T6) coupons loaded in tension-tension. The rectangular patches 
were made of unidirectional boron/epoxy of 2, 4 and 6 plies. Figure 2.3 shows the schematic of 
the repaired coupons. The notch was introduced at one edge of the aluminium panel and the 
patch was bonded using the film adhesive 3M AF163-2K cured at 121 °C.  
 
Figure 2.3: Schematic of the repaired coupons (plan and section views with dimensions) tensile loaded in 
fatigue [21]. 
 
The results showed a considerable increase (approximately 10 times) in fatigue life of the 
repaired system with the thinnest patch relative to the unrepaired and notched coupons. With the 
increase of patch thickness, the fatigue life increased (based on S-N curves) and a 2 to 5 times 
decrease in the stress intensity factor at the crack tip in the aluminium panel. An analytical model 
developed to predict the fatigue life was in good agreement with the experimental results. A small 
degree of disbond between the patch and the aluminium panel was observed only when the 
thinner patch was used. Wang et al. [22] performed a similar experimental study where patches of 
different thicknesses were also considered. The experiments were carried out to assess the fatigue 
life and also the static strength of the repaired coupons. The results from fatigue life experiments 
were similar to the results reported by Aglan et al. [21] with 5 to 14 times the increase in the 
fatigue life and 2 to 4 times decrease in the stress intensity factor at the crack tip in the aluminium 
panel. The same analytical model was used to predict the fatigue life which was found in good 
agreement with the experimental results. The results from tensile tests showed that the modulus 
of the repaired panels with 1-, 2- and 4-ply thick patches had increased relative to the un-notched 
panel (i.e. pristine panel). However, the modulus of the repaired panels was found to be similar 
and, therefore, independent of the patch thickness. The repair with a 4-ply thick patch was found 
to have the same failure load and displacement as the un-notched panel. The repairs with 1- and 
2-ply thick patches exhibited a considerable reduction in plastic displacement relative to the un-
notched panel. The plastic displacement for these patch thicknesses was found to be similar to 
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the notched panel (i.e. un-repaired panel). It was found that the repair with a 4-ply thick patch 
provided the best fatigue life and 100% strength restoration. 
 
The above works have shown GFRP-to-aluminium single patch repair subjected to tensile 
loading in fatigue with similar repair damage observations where the aluminium parent material 
was notched prior the repair to introduce damage. However, Soutis et al. [25] performed an 
experimental study on a composite-to-composite patch repair system using a double patch (i.e. a 
symmetric repair consisting of two bonded patches one on each side of the parent material as 
shown in Figure 2.1a) subjected to compressive quasi-static loading. The composite coupons 
were fabricated from unidirectional carbon fibre/epoxy pre-impregnated of stacking sequences 
[(±45/02)3]S and [(±45/0/90)3]S, named A and B respectively. They were of dimensions 200 mm 
long, 50 mm wide and 3 mm thick. A cut-out of 10 mm diameter was machined at the centre of 
the panels to simulate the damage removal. The repair consisted of two circular patches (one 
each side of the coupon of diameter of 35 mm and of the same material as the coupons) bonded 
with the film adhesive Araldite 2011. Different combinations of repairs were investigated, i.e. A 
parent-A patch, A parent-B patch and B parent-B patch considering patch thicknesses of 1 mm, 
2 mm and 3 mm. Also, a repair system containing a 1 mm patch and a parent coupon insert made 
of the same material and stacking sequence was considered. Here, the following combinations of 
repairs were investigated, i.e. A parent-A patch-A insert, A parent-B patch-A insert and B parent-
B patch-B insert. All the patches and inserts considered in this work were pre-fabricated (or pre-
cured). All the repairs were cured at 40 °C. The results showed that the compressive strength of 
the notched coupons (i.e. un-repaired) was found to be 50% of the un-notched coupons (i.e. 
undamaged) for each parent coupon considered. The results obtained from the repaired system A 
parent-A patch (1 mm patch) showed an increase of the compressive strength around 15%, i.e. 
65% of strength restoration of the un-notched coupons. For the remaining repaired systems 
(with no insert and 1 mm patch), the increase of the compressive strength was around 20%, i.e. 
70% of strength restoration of the un-notched coupons. The increase of the patches thickness 
(i.e. to 2 mm and 3 mm) for all the repaired systems (no insert) showed no improvements of the 
strength restoration. However, with the use of an insert in all three repaired systems with 1 mm 
patches, the compressive strength increased 15% of the repaired panels with no insert. This 
allowed a further increase of compressive strength restoration to 80% (for the A parent-A patch-
A insert repaired system) and to 85% (for both the A parent-B patch-A insert and the B parent-B 
patch-B insert repaired systems) of the un-notched coupons. The method of introducing an 
insert made of the same material and stacking sequence was shown to reduce the stress 
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concentration at the edge of the hole and so improving the repair performance. By the use of X-
ray radiography and scanning electron microscopy, it was shown that damage occurred in the 
form of patch debonding and fibre microbuckling in the 0° plies. Furthermore, fibre 
microbuckling was surrounded by delamination and matrix cracking. With increasing levels of 
quasi-static loading, the fibre buckling damage propagated across the parent laminate width 
(perpendicular to the loading direction) causing complete failure. Also, the load required to 
initiate damage was found to be dependent on the parent laminate thickness and patch thickness. 
Figure 2.4 shows common failure modes that occur in these double-patch repairs subjected to 
compressive loading when using thick and thin patches (Figure 2.4a and Figure 2.4b respectively), 
and when weak bonding occurs, Figure 2.4c. 
 
 
Figure 2.4: Schematics of double patch repairs with different failure modes, i.e. when there is (a) strong 
bonding with thick plates, (b) strong bonding with thin plates and (c) weak bonding - under 
compressive load [26]. 
 
In the literature purporting to be about repairs, many papers actually consider composite 
joints (i.e. single lap joints, double lap joints and scarf/stepped joints) instead of composite 
repairs (i.e. considered a 2-dimensional representation). The reason for this is related to the fact 
that most of the authors assume a composite repair to be a composite joint. For example, a single 
patch repair is assumed to be a single-lap joint and a double patch repair is assumed to be a 
double-lap joint. However, in composite patch repairs there is load sharing between the repair 
patch and the parent coupon whereas in joints the entire load passes through the adhesive. 
Regarding composite joints, the most relevant literature can be found elsewhere [12], [26]–[29] 
for double-lap joints and, [30] for single-lap joints. 
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In summary, works related to GFRP-to-aluminium patch repair with a single patch (i.e. 
asymmetric repair) have been described here which were primarily concerned with the 
measurement of crack growth rates and stress intensity factors. No relevant works have been 
found in the open literature considering double patch (i.e. symmetric repair). Regarding 
composite-to-composite patch repairs, not many works have been found in the open literature 
for double patch and no relevant works have been found for single patch. 
 
2.3.3. Damage observations in scarf patch repairs 
 
Only a limited number of papers have been found in the open literature which discuss the 
behavior of scarf repairs. However, a larger number of papers discuss scarf joints, and some 
papers discuss the relationship between the behavior of scarf joints to the behavior of scarf 
repairs. 
Scarf repairs have been the preferred method to repair composite structures because of better 
strength and stiffness restoration, but also for their negligible aerodynamic disturbance. However, 
one main concern related to this repair technique is that it may require significant removal of 
parent material in order to achieve low scarf angles for better mechanical properties restoration. 
This is especially true for thicker structures. 
 
Wang et al. [1] carried out experiments on scarf joints as part of a wider study to assess the 
adequacy of the current design methodology of scarf repairs. Figure 2.5a shows the schematic of 
the scarf repair and Figure 2.5b the schematic of the representative scarf joint (i.e. the cross 
section of Figure 2.5a). As part of this study, the impact of the adherend stiffness and stacking 
sequence on the joint strength was investigated. For this, three different joint systems were 
considered, i.e. metal to metal and composite-to-composite joints with matched and un-matched 
lay-ups. The first consisted 3 mm thick adherends made of Al 2024-T3 bonded with FM300 
adhesive. The second consisted of 21-ply of unidirectional carbon fibre laminate (T300/914C) of 
lay-up [45/-45/90/03/45/02/-45/90]S bonded with adhesive film FM300-2K. The third consisted 
of 16-ply unidirectional carbon fibre laminates (Cycom 970/T30012K) consisting of two 
different lay-ups, i.e. [0/-45/45/90]2S and [90/-45/45/0]2S (here known as A and B respectively) 
bonded with adhesive FM300-2K. Three different combinations of joints were fabricated, i.e. 
joints A-A, A-B and B-B. A scarf angle of 5° and specimen width of 25 mm were common for all 
joints. All the specimens were loaded quasi-statically in tension until catastrophic failure. 
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(a) 
 
(b) 
 
Figure 2.5: (a) Scarf repair subjected to biaxial stresses and (b) a corresponding scarf joint subjected to 
tensile stresses [1]. 
 
The metal-metal joint had an average failure shear stress in the bond-line of 38 MPa which is 
in agreement with the adhesive shear strength of 35 MPa. Good correlation was found between 
the adhesive shear strength due to the uniform shear stresses developed along the bond-line 
between the isotropic materials. However, the first composite-to-composite joint system gave an 
average failure shear stress of 32 MPa which is well below (70%) the adhesive shear strength of 
45 MPa. The second composite-to-composite joint system gave average failure shear stress of 
64% for the A-A joint, 72% for the A-B joint and 83% for the B-B joint. It can be seen that the 
average shear strength of the A-B joint is similar to joint made of 21-ply laminates (i.e. the first 
composite joint). Also, the B-B joint was shown to be stronger than the A-A joint. The improved 
design methodology model proposed in this work predicted 82% for the B-B joint which is in 
good agreement with the 83% obtained experimentally. However, the prediction overestimated 
the average strength for the A-A and A-B joints. The authors believed that this may be related to 
the high strain concentration at the ends of the 0° plies which are not captured by the shear strain 
along the mid-line of the adhesive as illustrated by the FE modelling. This was consistent with 
the failure modes observed in the A-A and A-B joints where 0° plies were located at the laminate 
surface and at the laminate centre respectively. On the other hand, in the B-B joint the 90° and 
45° plies fractured showing that failure may have initiated close to the internal 0° plies of the 
laminate. As a consequence, this may have overloaded the tips of the adherends. The 
experimental observations suggested that failure initiated in the adhesive bond, probably close to 
the 0° plies as supported by FE modelling. The improved design methodology (based on the 
maximum shear strain failure) was shown to provide a better first-order prediction. However, 
further improvements are still needed to capture the effect of the strain concentration between 
the 0° plies. The authors consider that the lower strength of the A-A joint showed the 
importance of avoiding 0° plies on the surface of the adherends. 
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Breitzman et al. [28] performed quasi-static tensile tests on three different types of coupons 
(i.e. undamaged, unrepaired and repaired coupons of approximate dimensions 133 mm, 572 mm 
and 1 mm) as part of a wider study to improve the efficiency of composite repair design. These 
laminates were made of unidirectional IM6/3501-6 pre-impregnated graphite/epoxy and lay-up 
[+45/0/-45/90]S. The scarf cut-out was produced at an angle of 3
o, with an inner diameter of 
25.4 mm and an outer diameter of approximately of 67 mm. The result was a stepped scarf cut-
out (Figure 2.6) produced by a special purpose-built machine. The repair was produced using the 
same material as the parent panel. The first ply of the scarf patch was the filler ply as shown in 
Figure 2.6. This consisted of a ply of the same material with the fibers being orientated at 0o, i.e. 
in the loading direction. This caused an offset of plies in relation to the parent coupon lay-up 
causing the last ply to act in fact as an overply (Figure 2.6). The overlap length of this last ply 
over the parent panel was 5.6 mm. The film adhesive FM-300 M-05 from Cytec Fiberite was used 
to bond the scarf patch to the parent panel. For this, each layer of film adhesive was cut into a 
donut-like shape (Figure 2.6). 
 
Figure 2.6: Schematic of the repair configuration considered in Breitzman et al. [28]. 
 
The average values of the ultimate strengths measured from the experiments were 461 MPa 
(±15%), 207 MPa (±2.3%) and 440 MPa (±2%), from three coupons each of undamaged and 
unrepaired panels, and four repaired panels respectively indicating that the strength restoration 
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was about 95%. Regarding the repaired panels, these showed failure through the scarf center and 
repaired region. It was reported that in one of the panels, the scarf patch was split in half with the 
repair plies remaining attached to both halves of the panel as shown in Figure 2.7. Here, 
photographs suggest that there was both cohesive and interfacial failure. 
 
Figure 2.7: Photographs of a broken repaired panel showing different failure modes [28]. 
 
Found et al. [29] performed quasi-static tests under tension until failure of composite scarf 
repairs. The coupons had a square shape and were loaded diagonally to investigate the 
relationship between the failure load and the amount buckling the repair is subjected. The 
schematic of the coupon is shown in Figure 2.8. The 0o fibres were at 45o to the loading direction 
(i.e. along the x direction in Figure 2.8). The composite panels were fabricated from a pre-
impregnated 5-harness satin woven fabric made of carbon fibre to produce an 8-ply laminate 
with lay-up [(0/90),(+45/-45),(0/90),(-45/+45)]S and dimensions of 305 mm by 305 mm wide 
and 2.25 mm thick. Three different repair systems were used to repair the composite panels, i.e. 
two wet lay-up systems which consisted of a 5-harness satin carbon fabric (of identical 
mechanical properties used for the panels) and a two-part epoxy but cured at different 
temperatures (i.e. at 75 °C and 120 °C), and a plain weave carbon fibre pre-impregnated system. 
In each repair system, the scarf patch always had the same lay-up configuration as the parent 
panel. During the repair fabrication, an overply consisting of a single ply of the same material was 
added concentrically to the repair on the face of the panel with biggest scarf diameter as shown in 
Figure 2.8. The overply overlapped the parent panel by 13 mm. All the repairs were fabricated at 
a scarf angle of 3 o. 
Cohesive failureAdhesive failure
Fibre fracture
Split patch
Split patch
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Figure 2.8: Schematic top view of the coupon which P is the applied tensile load. 
 
In order to assess the failure loads and bond strength, quasi-static tests in tension were 
performed on undamaged panels, unrepaired panels, repaired panels and double-lap joints as 
shown in Figure 2.9. The double-lap joint was considered in order to evaluate the strength of the 
adhesive in shear. This type of joint is characterised by producing shear stresses in the adhesive 
when loaded axially in tension. Three different double-lap joint systems were produced made 
from the same materials used to fabricate each of the three scarf repairs systems. Here, the 
overlap material lay-up was [(0/90),(+45/-45),(0/90]. 
 
Figure 2.9: Schematic section view of the double-lap shear specimen (dimensions in millimetres) [29]. 
 
Table 2.1 shows the average failure loads obtained for each system of the double-lap joint and 
repaired panels. Here, it can be seen that the repair fabricated from pre-impregnated material has 
given the highest average failure load for the repaired panels but the greatest standard deviation. 
The average failure loads obtained from the wet lay-up system 2 were found to be very close to 
the values obtained from the pre-impregnated system but with better consistency, i.e. 5% 
standard deviation. The wet lay-up system 1 showed the lowest average failure load and a 
standard deviation of 9%. For the double-lap joints, the wet lay-up system 2 showed the highest 
average failure load with the same accuracy seen for the repair. The pre-impregnated system 
average failure load was close to the wet lay-up system 2, having a reasonable standard deviation 
of 8%. The wet lay-up system 1, once again, showed the lowest average failure load and a 
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standard deviation of 6%. The average failure loads obtained from the undamaged and the 
unrepaired panels were found to be 29.6 kN (6% of standard deviation) and 88.6 kN (6% of 
standard deviation) respectively. Regarding the reported failure load of undamaged panels (i.e. 
29.6 kN), this shows to be very low and therefore is not right as it is expected to be about the 
same order of magnitude as the failure loads of the repaired panels shown in Table 2.1. 
 
Table 2.1: Average failure loads and standard deviations for double-lap joints and scarf repairs. 
Systems 
Double-lap joint Repaired panel 
Average failure 
load [kN] 
Standard deviation 
[%] 
Average failure 
load [kN] 
Standard deviation 
[%] 
Wet lay-up 1 12.9 6 110 9 
Wet lay-up 2 15.5 5 138 5 
Pre-preg 15.2 8 143 23 
 
The failure of the joints occurred in the adhesive with neither of the adherends (i.e. the parent 
panel and the scarf patch) showing visual signs of damage. Regarding the repairs failure mode, 
the tests revealed that the fracture path in the parent panel occurred in a more curved way after 
the detachment of the scarf patch and that delaminations were found to be much more 
widespread than in the unrepaired panels. These asymmetric repair configurations produced out-
of-plane bending which contributed to damage initiating in the bond-line at the overply-free 
repair face (tensile face). In some repaired coupons another failure mode occurred, i.e. after the 
detachment of the scarf patch and before the catastrophic failure, buckling damage initiated just 
outside the scarf region in the parent panel and developed in the loading direction as shown by 
the red arrows in Figure 2.10. The failure load seemed to be governed by the amount of buckling, 
which originated as a consequence of the transverse contractions. It was also observed that the 
wet hand lay-up scarf patches remained intact with relatively smooth and flat failure surfaces. On 
the other hand, the patches fabricated from pre-impregnated material suffered widespread 
delamination and had distinctive stepped failures following the stepped ply contours. 
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Figure 2.10: Schematic top view of the repaired specimen showing the buckling damage formed (red 
arrows) under tensile load. 
 
So far, the strength and failure modes in scarf repairs subjected to quasi-static loading have 
been described. However, Charalambides et al. [33] investigated the effect of scarf repair shape 
on the fatigue performance and failure mode. They performed tension-tension fatigue tests on 
scarf repaired composite coupons with different scarf geometries and sizes as shown in Figure 
2.11. The coupons were fabricated from unidirectional carbon fibre pre-impregnated in epoxy 
resin (T300/914) with lay-up [±45/0/90]2S. A scarf cut-out with complementary shape to the 
scarf patches shown in Figure 2.11 was machined at a scarf angle of 2° from different coupons. 
The repair was fabricated from the same material and lay-up configuration as the parent coupon. 
For the adhesive, Redux 319 adhesive film was used along the entire bond-line. Two overplies 
were used, one on each side of the repair and placed concentrically to the scarf patch. Each 
overply consisted of a ply of the same material with the fibres being orientated along the loading 
direction (i.e. along the x direction in Figure 2.11) and overlapped the parent coupon by 12 mm. 
The repair was finally cured in the same conditions used to cure the parent panel. 
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(a) (b) 
 
 
(d) (e) 
 
Figure 2.11: Schematic plan view of the four scarf repair systems considered. 
 
The experimental fatigue S-N curves obtained from each scarf repair system showed similar 
fatigue performances. Regarding the damage mode observed in both the scarf joint and repair, 
this was surprisingly similar. Here, the failure initiated from the end of the longest overply and 
progressed along the scarf region until reaching the shortest overply as shown in the schematic of 
Figure 2.12 where t0 represents the damage initiation and t1 the complete failure of the 
joint/repair. This indicates that it may therefore be possible to predict the fatigue performance 
and damage mode of relatively large scarf repaired panels from the behavior of representative 
scarf joints. However, it is not clear what degree of damage occurred in the bond-line in the 
parent laminate (in scarf repairs) after failure. This is important to consider since there is load 
sharing between the repair and the parent laminate and, unless there was fiber fracture, the parent 
laminate is still able to carry load especially in large panels with small defects. 
 
Figure 2.12: Schematic section view of the fatigue failure occurred in scarf repairs and joints (not to scale) 
[33]. 
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The damage mode results obtained from the dry tests described above were found to be 
reproducible. However, when the scarf joints were exposed to hot and wet conditions up to 16 
months, the failure mode results were not so consistent. Here, three different failure modes were 
observed, as shown in Figure 2.13. In Figure 2.13a, it shows that damage initiated from the end 
of the longest overply and propagated along the bond-line before catastrophic failure. It is 
believed that high through-thickness stresses at the end of the overply led to the formation of 
delaminations which caused this catastrophic failure when the applied load reached a critical 
value. Figure 2.13b shows catastrophic failure across the scarf region. Figure 2.13c shows a very 
complex failure mode. This was originated from the shortest overply and propagated through-
thickness which led to catastrophic failure. However, interlaminar/intralaminar damage was also 
observed. This shows the unpredictability of these systems when conditioned. 
 
(a) 
 
(b) 
 
(c) 
Figure 2.13: Schematic section view of different fatigue failures occurred in conditioned scarf joints (not to 
scale) [33]. 
 
Having shown similar fatigue performances between scarf joints and repairs, Charalambides et 
al. [33] tested the same joints quasi-statically to compare the static strengths between the scarf 
joints and the undamaged material as well as the failure modes. The strength of the scarf joints 
were found to be lower than the strength of the undamaged coupon, with an average strength 
restoration of 84%. The failure mode observed in the scarf joints is shown in Figure 2.13a. The 
damage initiated from the end of the longest overply and led to delaminations between the first 
and second plies, i.e. the +45 and -45 plies. The authors believed that here, high peel stresses at 
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the end of the long overply led to the formation of delaminations in the host laminate which then 
developed to cause catastrophic failure when the applied load reached the critical value. The same 
quasi-static tests were performed after environmental conditioning (hot and wet exposure) up to 
16 months. The results showed that the failure load increased in relation to the failure load 
obtained from the “dry” joints after 4 months and then decreased to the original value (“dry” 
values) after 16 months. All “dry” and 4-month conditioned joints failed as shown in Figure 
2.13a and in Figure 2.13b respectively. However, the 16-month conditioned joints showed all the 
different failures modes shown in Figure 2.13. 
 
Further relevant experimental work related to scarf repairs has not been found in the open 
literature. On the other hand, several works can be found related to scarf joints (e.g. [34]–[36]). 
Having discussed experimental observations and results of patch and scarf repairs, the next 
section reviews the relevant literature related to structural health monitoring of composite 
materials and structures. Regarding the modelling of these repair systems, there has been a lot of 
activity and interest in predicting damage in the bond-line or adhesive layer using cohesive zone 
models, but mostly applied to single- and double-lap joints (e.g. [1], [19], [25], [26], [31], [33], 
[37]–[41]). 
2.4 Structural health monitoring of composite materials and 
structures 
This section describes structural health monitoring techniques for composite materials and 
structures. These are divided into non-optical and optical techniques including a detailed 
description of the working principles of CFBG sensors which is used in this work for monitoring 
the health of composite repairs. The application of CFBGs to composite repair monitoring is 
entirely novel and no papers are available in the open literature. As a consequence, the most 
relevant literature on the application of this type of FBG sensor to monitor delaminations and 
manufacturing defects in composites and composite joints is presented. Finally, a summary of the 
techniques currently used to monitor composite repairs is presented. 
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2.4.1. Introduction 
 
Structural health monitoring (SHM) can be described as the “acquisition, validation and analysis 
of technical data to facilitate life-cycle management decisions” [42]. The importance of SHM has 
become increasingly important for ageing structural systems, in areas of enhanced performance 
and where there is the need to reduce the operational costs. However, damage detection still 
relies on fairly manual non-destructive testing (NDT) techniques which mostly require 
disassembly of the individual components for inspection. These techniques employ bulky 
transducers, require point scanning and generally they are time consuming and expensive tasks. 
Damage in composite materials is inherently difficult to assess because this normally occurs away 
from the surface and in the form of micro-cracks. A good monitoring technique allows a better 
understanding of the damage behaviour in composites. As a consequence, these two aspects 
normally evolve concurrently [43]. 
The physical changes resulting from a damaged structure determines the required type of 
sensor to be used in the system [44], [45]. There are several types of sensors that may be used, 
e.g. piezoelectric sensors, resistive strain gauges and optical fibers, among others. The sensor in 
turn, determines the remaining components of the SHM system. It is estimated that between 
20% and 30% of an average aircraft’s lifecycle cost is spent just on inspection and repair. 
Effective SHM allows the structural repair and maintenance costs to be reduced because the 
structural repair can be undertaken at an early stage of damage development. Alternatively, the 
structural repair may be postponed to allow the aircraft to be taken out-of-service during 
scheduled major overhauls. These would allow the direct costs of repairing the structure and 
saving costs to be limited by merging the two tasks. The use of an effective SHM system in 
composite materials may be more important because of the nature of these materials. Composite 
materials damage mechanics is far more complex than any other engineering material and less 
well understood due to their anisotropy [46]. 
Below, are listed the most important NDT techniques currently used in different industries for 
composite materials [43]. More detailed information about these and other techniques can be 
found elsewhere [45]. 
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 Optical and fibre optics inspection 
 Visual inspection 
 Eddy-current (electro-magnetic testing) inspection 
 Ultrasonic inspection 
 Lamb waves 
 Laser ultrasonic inspection 
 Acoustic emission inspection 
 Vibration-based inspection 
 Radiographic inspection 
 Transient thermography inspection 
 
Optical structural inspection includes the moiré, holography, shearography and photoelasticity 
techniques. Moiré interferometry measures in-plane displacements based on interference fringes 
or contour maps [47]. Holography (or holographic interferometry) uses a laser to map 
displacement changes contours during incremental loading of the structure [48]. Shearography (or 
speckle-shearing interferometry) uses image-shearing camera to measure displacements gradients 
at the surface of a structure [46]. Photoelasticity determines the stress field in composite materials 
based on variations in phase changes between two light vectors travelling at different velocities 
[50]. 
With regard to fibre optical methods, there are different types of optical sensors however, the 
fibre Bragg grating (FBG) sensors is the only one being used in real applications for SHM (e.g. 
[48]) by being able to measure longitudinal strain caused by temperature and load variation [45]. 
A visual inspection technique is still frequently used and is limited to the detection of flaws on 
the surface. It is conducted by “naked eye” and, as a consequence, there is the need to clean the 
surface properly and to illuminate it well. There are some auxiliary procedures that enhance the 
damage visualisation, e.g. the use of coatings and liquid penetrant [43]. 
Eddy-current inspection is another commonly used inspection techniques for conductive 
composite materials. It is suitable for detection of surface or near-surface damage [52]. Its 
working principle is based on the electrical current conducted by the material. It correlates the 
measured impedance to the extent of the damage. 
The ultrasonic inspection technique is used for detection of the location and extent of 
damage, as well as for the characterisation of the materials elastic properties [53]. The well-known 
C-scan can produce accurate measurements of the location and size of the damage. This 
inspection technique is based on the propagation of highly concentrated energy acoustic waves in 
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the structure. Combining this with a B-scan which consists of measurements through the 
thickness direction of the structure, a 2D damage map can be produced. However, this is a time 
consuming procedure [43]. Within ultrasonic inspection, there is an alternative technique to the 
conventional technique described above. This is using laser-generated ultrasound to detect 
ultrasonic waves instead of immersing the structure in the water [54]. The advantage of this 
technique is its sensitivity and the ability to test structures of complex shape as the probe does 
not have to be normal to the surface of the structure. The drawback of this technique is that the 
generated signals are of lower amplitude than the ones achieved by the conventional technique 
using piezoelectric transducers. The high cost of this technique has been a barrier against its 
frequent use [43]. 
The ultrasonic Lamb wave technique enables a line scan rather than the conventional point 
scan using the C-scan. This allows the waves to propagate greater distances and the whole line 
between the actuator and the receiver can be interrogated as through-thickness excitation is 
produced [43], [55]. This technique has been applied to detect damage in composites and to 
determine the elastic properties of the laminate and its thickness [43]. The drawback of this 
technique is that it requires an active drive mechanism to propagate waves and the output data 
can be more difficult to interpret [56]. 
The acoustic emission technique has been used to detect fibre and matrix damage and 
delamination. The working principle of this technique is based on the generation of stress waves 
produced by the movement of damage when the structure is under stress [43]. Energy bursts are 
short and the energy release is comparable of breaking a 2H 0.5 mm diameter pencil lead 3 mm 
away from the tip [57]. This has shown potential to support the study of the fracture behaviour 
of composite materials. It has also been found to be good for the detection of impact damage. 
The drawback is that a noisy environment may cause some interference [43]. 
The vibration-based technique has also been used in composites. Examples include the well-
known coin-tap technique and the measurement of the natural frequencies. The first has been 
used for the detection of damage at the surface of the structure. However, the sensitivity 
decreases with damage depth. This technique is based on the change of sound between damage 
and undamaged regions. The measurement of the natural frequencies has been found potential in 
monitoring composite fabrication particularly the fibre angle during filament winding and ply 
orientation [43]. 
Radiography has been applied mostly to isotropic metallic materials. Generally, composite 
materials are not good absorbers of X-rays however alternatives techniques have been developed 
which involves the use of a die-penetrant to wet the damage. The use of die-penetrants enhance 
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the sensitivity of the method for composites. The drawback is that there has to be a surface 
damage in order to allow the liquid to penetrate [43]. There has been interest on the use of X-ray 
tomography for structural health monitoring. This technique allows the study of the internal 
structure by means of their volumetric density distribution which combines the radiation 
measurement and computational algorithms to create 3-dimensional representations. However, 
this technique has only been applied to laboratory specimens or small structures [58]. 
Lastly, the transient thermography technique has been applied to detect damage at the surface 
of the structure. This has been applied to fibre reinforced polymers and sandwich materials. The 
sensitivity of this technique is reduced with the damage depth. Its working principle is based on 
capturing the thermal images of one of the surfaces of the structure as the applied heat energy 
propagates through it. When a perfectly homogeneous structure is undamaged, the heat passes 
through it uniformly. However, in the presence of damage, high thermal impedance is created to 
the heat transfer. Different thermal techniques exist based on the way the data is processed and 
the heat is applied. The techniques include lock-in and pulse thermography and have been used 
to detect damage in the form of delaminations, surface cracks and voids. The thermography 
technique has also been combined with other techniques (i.e. vibration-based) to form the vibro-
thermography technique. Here, the combination of thermal wave propagation and the elastic 
wave propagation has been used detect micro-cracks [59]. 
Advances in SHM have been focused on improving and reducing the cost in sensor 
technology, sensor signal processing technologies and composite materials manufacturing and 
bonding techniques alongside the development of powerful software algorithms. As a 
consequence, it is expected this emerging technology to determine the condition of a structure in 
real-time with structurally integrated equipment providing a self-sensing functionality [44], [48]. 
Following a brief introduction, a review of key research related to non-optical and optical 
techniques for structural health monitoring of composite materials and repairs is described in the 
next sections. More attention is given on the use of optical (FBG) sensors. 
 
2.4.2. Optical methods 
 
Optical methods have been suggested to be the type of technique that offers the highest potential 
for SHM [44]. These sensors, particularly the fibre Bragg grating (FBG) sensor family, have been 
used to monitor damage and manufacturing defects in composite materials (in this work, they are 
used to monitor composite repairs). In the following sections, background theory about FBG 
sensors and their application to composite materials is described. 
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2.4.2.1. Fibre Bragg grating optical sensors 
 
Uniform Fibre Bragg grating (FBG) and chirped fibre Bragg grating (CFBG) belong to the same 
family of optical sensors. Therefore, it is important first to understand what an optical sensor is 
and how it works. 
The working principle behind optical sensors is their ability to guide light. Fibre optics use 
visible and infrared light of wavelengths ranging from 400 nm to 1550 nm. However, infrared 
light is generally used for all fiber optic communications. The range of frequencies able to be 
transmitted is called the bandwidth. Optical sensors are usually made of different layers of plastic 
or glass of circular section. These layers consist of the core, cladding and the primary buffer, as 
shown in Figure 2.14 [57]. 
 
Figure 2.14: Schematic section view of an optical fiber showing three distinctive regions (i.e. the core, the 
cladding and the primary buffer). 
 
The most common diameter of the core, cladding and primary buffer is 62.5 µm, 125 µm and 
250 µm respectively [57], although other dimensions are possible (e.g. the sensors used in this 
work have a core diameter of approximately 8 µm). The core is where the light is input and 
transmitted, the cladding produce the internal reflection of the light and the primary buffer gives 
mechanical protection. In free space, the light travels close to 300 m/s but the speed of light 
depends upon the material in which it is travelling. The ratio between the speed of light in free 
space and the speed of light in a particular material gives the refractive index. For glass, the 
refractive index is about 1.5 [57]. The refractive index is a function of temperature and 
wavelength, i.e. it increases with increasing temperature and decreases with increasing 
wavelength. In this work, the temperature is assumed to be constant. 
When light travels through two different materials (i.e. with different refractive indexes), the 
light can be refracted or reflected when it reaches the interface between both materials, 
depending upon the incident angle of the ray. The angles of the incoming and outgoing rays 
Primary buffer
Cladding
Core
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(incident and refracted angles respectively) are measured with respect to the normal which is a 
line drawn at right angles to the interface line between the two refractive indices as shown in 
Figure 2.15 [57] which shows light passing from a medium with a higher refractive index to a 
medium with a lower refractive index. 
 
Figure 2.15: Illustration of the incident and refracted rays direction. 
 
For this situation, the incident ray of light is refracted, the angle of refraction is higher than 
the angle of incidence because of the change on the refractive index. The mathematical 
relationship between the refractive indexes of the materials and the sine of the angle (known as 
Snell’s law) is as follows [57]. 
 
)sin(.)sin(. 2211  nn   Equation 2.1 
 
Here, n1 and n2 are the refractive indices of the two materials and sinΦ1 and sinΦ2 are the 
angles of incidence and refraction respectively (Figure 2.15). Beyond a certain angle 
)/sin( 12
1 nn , with increasing values of the incident angle, the incident ray is reflected 
instead of being refracted and, therefore, stays in “Material 2” as shown in Figure 2.16a. The 
angle of incidence at which occurs is called the critical angle and the behaviour is called total 
internal reflection. For an optical fibre, the light is then reflected internally along the sensor as 
shown in Figure 2.16b. 
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(a) 
 
(b) 
 
Figure 2.16: (a) Illustration of the incident and reflected rays direction and (b) light being reflected along 
the sensor. 
 
The following paragraphs will discuss the behaviour of a particular type of optical fibre sensor 
called a fibre Bragg grating (FBG) sensor. This type of sensor is used in a wide variety of 
applications, especially telecommunications, and for sensing purposes. 
Uniform fibre Bragg grating (FBG) and chirped fibre Bragg grating (CFBG) optical sensors 
have been used in recent years to monitor the health of structures because of the ability to detect 
strain variations. The advantages for the use of this type of sensor for sensing are the insensitivity 
to electromagnetic interference, flexibility in size, robustness, stability and durability over 
extended periods of time and simple fabrication for mass production [58]. Also, they are safe (no 
electrical power is required), potentially lower cost over conventional methods and the signal can 
be transmitted over long distances. When the interrogator supplies a light into a FBG sensor, part 
of the light is reflected and converted into a reflected spectrum (output). When the sensor is 
strained, the reflected spectrum changes. This is the basic working principle behind the use of 
these types of sensors, which is explained in the next sections. The current research is about 
monitoring adhesively bonded composite repairs using this type of sensor. However, these 
sensors have also been embedded in composites to monitor delaminations and manufacturing 
defects. This type of sensor also has the ability to be connected in a multi-sensor network which 
allows real-monitoring of several locations at the same time [59]. 
The next sections describe the background theory of FBG sensors and their applications. 
Although the CFBG is now being increasingly studied, the uniform FBG has received most 
attention, being employed for various functions including point strain measurements and damage 
detection in composite materials [60]. The CFBG sensors have been seen to have further 
advantages for the same applications due to their potential for easy location of the damage. 
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2.4.2.1.1. Uniform fibre Bragg grating (FBG) sensors 
 
FBG sensors have a large range of applications and are often used for the measurement of 
strain or temperature but their use to monitor damage in composite materials has been more 
intensely studied recently. For example, Okabe et al. [61] embedded a uniform FBG sensor for 
the detection of transverse cracks in carbon fibre reinforced polymer (CFRP) cross-ply laminates 
and Takeda et al. [62] for the detection of delaminations in CFRP cross-ply laminates. 
The uniform FBG sensor, shown schematically in Figure 2.17, has a uniform grating period 
(Λ) (i.e. the spacing between the individual gratings in the fibre) along a specific length of the 
sensor. The Bragg gratings are perturbations patterns obtained via a photosensitive process, 
allowing local regions of the core to have increased refractive index by exposure to UV radiation 
[58]. When light with a uniform intensity over a large spectral bandwidth (broadband light) is 
transmitted along the core of a fibre with an FBG written into it (1 in Figure 2.17), a spectrum 
will be reflected back to the source by the Bragg grating (2 in Figure 2.17) with the reflected 
wavelengths in the spectrum being in accordance with the Bragg equation (Equation 2.2) [60]. 
The non-reflected light leaves the sensor at the other end (3 in Figure 2.17). 
 

effB
n2
 
Equation 2.2 
 
Here, λB is the Bragg wavelength, neff is the effective refractive index (i.e. the average of the 
refractive index of the unwritten core and the regions of enhanced refractive index or gratings) 
and Λ is the grating period. 
 
Figure 2.17: Schematic of a uniform FBG sensor showing an increase of refractive index within the Bragg 
gratings region. 
 
The output obtained from this type of sensor (when a source of light is applied) is in the form 
of a reflected peak as shown in Figure 2.18. When a sensor is embedded or surface bonded, it 
follows the deformation of the material when loaded, i.e. it can be subjected to tensile, 
compressive and shear strains. However, the sensors are primarily used to measure axial strains. 
When the sensor is tensile strained, the grating period (Λ) increases which will cause the 
1
2
3
Λ
1
2 3
Bragg gratings
Λ
n
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wavelength (λ) to increase (see Equation 2.2). On the other hand, if there is a decrease of the 
grating period (Λ), when subjected to compressive strain, the centered wavelength (λ) decreases. 
This causes the reflected peak to shift right or left respectively from the initial position as shown 
in Figure 2.18. 
 
Figure 2.18: Reflected spectrum of a FBG sensor when subjected to compressive and tensile loading. 
 
Early work [64] concerned the use of FBG sensors embedded in the 0 ply and near the 
interface between 0° and 90° plies in a cross-ply laminate; in such a material, damage occurs in 
the material in the form of transverse cracks. As a consequence of cracking, the strain profile in 
the 0 ply generally changes considerably in the vicinity of the damage. As a consequence, the 
strain profile in this region becomes very non-linear and the results are difficult to interpret, 
although the authors claimed to be able to correlate changes in the spectra with increasing crack 
density. Other work showed the relationship between the reflected spectrum and the strain 
distribution for single cracks (e.g. [66]) and the detection of delaminations [65], FBG sensors 
have also been used to detect defects and disbonds in adhesively bonded joints [67]–[70]. These 
defects were artificially introduced between the adhesive and one of the adherents. Disbonds 
growth can be detected by the release of the residual thermal strain, caused by the different 
coefficients of thermal expansion (CTE) of the adherends, produced by the joint during the 
cooling stage from the lock-on temperature of the adhesive to room temperature. 
All the above studies in composite materials and joints showed that it is possible to identify 
the onset of damage from changes in the spectra using uniform FBGs, but difficult to identify 
the position of the damage or monitor its growth. Both of these aspects are possible using 
chirped FBG sensors. The next section describes the working principle of the CFBG sensor and 
what distinguishes it from the uniform FBG. A review of the relevant literature available related 
to SHM of composite materials and joints using CFBG sensors is also presented. 
Λ
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2.4.2.1.2. Chirped fibre Bragg grating (CFBG) sensors 
 
The CFBG sensors follow the same working principle as the FBG sensors but the grating 
period (Λ) increases linearly, as shown schematically in Figure 2.19. The Bragg wavelength (λB) is 
different for each grating period (Λn) and hence a spectral band of wavelengths (or spectral 
bandwidth) is reflected when broadband light is coupled into the fibre; the spectral bandwidth 
corresponds to the physical length of the sensor. 
 
Figure 2.19: Schematic of a CFBG sensor showing an increase of refractive index within the Bragg 
gratings region. 
 
An example of a CFBG reflected spectrum is shown in Figure 2.20 where a shift to higher or 
lower wavelengths is expected when the sensor is subjected to uniform tensile or compressive 
strain, respectively. These reflected spectra shifts caused by uniform strain do not change the 
spectral bandwidth of the sensor. In this work, the CFBG sensors used have a spectral 
bandwidth of 20 nm and are 60 mm long. The CFBG sensor in comparison to the uniform FBG 
adds the capability of showing the position of the damage, allowing the length of a growing 
delamination to be determined, for example. 
 
Figure 2.20: Reflected spectrum of a CFBG sensor when subjected to compressive and tensile loading. 
 
As indicated above, when a CFBG sensor is unloaded or when it is subjected to uniform 
strain, the sensor reflects a spectral bandwidth of wavelengths with approximately uniform 
intensity, i.e. a flat reflected spectrum. However, if there is a non-uniform strain due to the 
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presence of damage or any manufacturing defect, a perturbation is developed within the reflected 
spectrum at the position of the strain non-uniformity. Figure 2.21 shows a comparison between 
the reflected spectrum before and after a specimen has been damaged (in this case, a cross-ply 
laminate has had a matrix crack develop in the 90° ply which is being monitored by a CFBG 
sensor located at the 0°/90° interface). Here, the perturbation indicates the location of the matrix 
crack. 
 
Figure 2.21: Reflected spectrum before after being damaged. The perturbation indicates the existence of a 
crack. 
 
The first time CFBG sensors were used to monitor damage initiation and growth in 
composites was in 2004 when Okabe et al. [2] performed experimental work on a carbon fibre 
reinforced polymer (CFRP) cross ply laminate loaded in tension. Here, the CFBG sensor was 
embedded in the 0° ply to monitor the transverse crack development within the 90° ply. Figure 
2.22 shows a schematic of the sensor embedded in the CFRP coupon. 
 
Figure 2.22: Schematic views of the embedded chirped FBG sensor into a CFRP composite coupon [2]. 
 
The CFRP was subjected to a quasi-static tensile test leading to an increasing number of 
transverse cracks. During this, periodic unloads were carried out for the reflected spectrum to be 
recorded. Here, the laminate longitudinal strain was due to the thermal residual strain generated 
during the laminate fabrication. When the transverse cracks occurred, there was a local release of 
thermal residual strains and, as a consequence, the strain became non-uniform causing the 
reflected spectra to change. Comparisons were then made between the initial/original reflected 
spectrum (no damage) and each reflected spectrum for different degrees of damage. This allowed 
the reflected spectrum evolution with increasing number of transverse cracks to be observed. It 
was seen that the reflected spectrum had evolved from approximately flat (i.e. constant intensity) 
Perturbation
(J Palaniappan et al. 2005)
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to some local perturbations, as shown in Figure 2.23. These perturbations were found to be the 
identification of each crack allowing the identification of the position of each crack along the 
length of the sensor (considering 50 mm of sensor for 5 nm of spectral bandwidth). Also, they 
have performed the same experiment using a thinner sensor and the results and conclusions were 
found to be similar. 
 
 
Figure 2.23: Reflected spectra for (a) undamaged laminate, (b) single crack in the laminate and for (c) five 
cracks in the laminate [2]. 
 
The study above showed encouraging results on the use of this technique to monitor the crack 
initiation however the precise nature of the perturbations was not easy to identify within the 
reflected spectrum, especially in late stages of damage development. Palaniappan et al. [71] 
performed the same study in glass fibre reinforced polymer (GFRP) cross-ply laminates. This 
material had the advantage of the transparency which enabled damage to be seen and a smaller 
stiffness ratio between the 0 plies and the 90 plies so that proportionately more load is carried by 
the 90 plies for any applied strain. The results were in agreement with those of Okabe et al. [2] 
and showed that detailed shape of the perturbation was sinusoidal for this system which could be 
related to the strain distribution around a matrix crack when the effect of such a strain 
distribution on the reflected spectrum was predicted using commercial software (Optigrating®) 
[72]. 
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The application of CFBG sensors to monitor damage in composite single-lap joints has also 
been studied. CFBG sensors have been used to detect delamination and manufacturing defects in 
the form of cracks or voids in single lap joints [3], [73]. Palaniappan et al. [3] embedded a CFBG 
sensor (45 mm in length and spectral bandwidth of 20 nm) in one of the adherends of a double 
cross-ply GFRP lap-joint to detect the delamination initiation and growth that occurred between 
the adhesive layer and the composite adherends. The lap-joint was fatigue loaded in tension 
causing the delamination to initiate and to propagate. Because of the peel stresses created at both 
ends of the sensor due to the bending of the lap-joint, damage was expected to start at these 
points. It was observed that after 2000 fatigue cycles no damage has occurred. After 8000 fatigue 
cycles a disbond occurred and the low-wavelength end of the reflected spectrum shifted to lower 
wavelength values, as shown in Figure 2.24. This was because the load was no longer being 
transferred between the adherends due to the presence of the disbond and, as a result, the sensor 
was not strained locally. Another feature worth mentioning is the increase of the bandwidth of 
the damaged reflected spectrum when compared with the original spectrum (no damage) in 
Figure 2.24. This changed the ratio between the sensor length and the spectral bandwidth which 
is important when damage length is to be measured from the reflected spectra. 
 
Figure 2.24: Comparison of CFBG reflected spectra after 2000 and 8000 fatigue cycles [3]. 
 
The fatigue tests were continued and the delamination grew. The disbond front was detected 
and monitored from the reflected spectra. This was achieved by the shift of a dip towards higher 
wavelengths as shown in Figure 2.25. Here, the spectral bandwidth of wavelengths of the 
reflected spectra has stabilised. The reason for this dip of intensity values in the reflected spectra 
was due to the load re-distribution at the disbond front. 
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Figure 2.25: Superposition of the reflected spectra after 9000, 10,500 and 13,400 fatigue cycles showing the 
movement of the dip in the spectrum to higher wavelengths (from B to D) as the disbond 
length increases [3]. 
 
Finite-element analysis was carried out for the undamaged and damaged lap-joints in an 
attempt to reproduce the experiments. Strains were collected along the physical position of the 
sensor from three different FE models i.e. undamaged model and damaged model with 5 mm 
and 10 mm of disbond lengths. Each strain profile was then input to Optigrating®. Figure 2.26 
shows the predicted reflected spectra obtained which is in agreement with the recorded spectra 
shown in Figure 2.25. A good agreement was found between the dip in the spectrum and the 
actual position of the disbond front. 
 
2 
Figure 2.26: Predicted reflected spectra for disbond lengths of (a) 5 mm and (b) 10 mm. The position of 
the disbond front in the model is indicated by the vertical line in each case [3]. 
 
 
 
(a)
(b)
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2.5 Concluding remarks 
This chapter has presented an introduction to composite materials and adhesively bonded 
composite repairs including a review of the damage modes when subjected to quasi-static and 
fatigue loading. Much more work was found related to damage in composite patch repairs, than 
to damage in composite scarf repairs. Finally, optical methods for structural health monitoring 
have been reviewed. Most attention has been given to FBG sensors and a review of their uses in 
detecting damage and manufacturing defects within composites and composite joints has been 
presented. 
The literature has shown that the damage mode in patch and scarf repairs are rather complex 
especially in the latter due to its complex shape and the stress/strain fields formed ahead of the 
damage front in the repaired region. Also, this complexity reinforces the need to have an efficient 
damage monitoring system. Despite being more difficult to fabricate, scarf repairs were found to 
be more efficient when low scarf angles are used. However, in scarf repairs, a significant amount 
of the parent material needs to be removed which is always a cause for concern. 
Regarding FBG sensors, the uniform FBG sensor has shown to be very popular for damage 
sensing, however CFBG sensors produce reflected spectra which are relatively easy to interpret 
to provide damage location and damage growth. No work to date has been found in the open 
literature on the use of CFBG sensors to monitor damage in composite repairs. However, they 
have been used to monitor damage and manufacturing defects of less complex systems, i.e. in 
composite panels and lap-joints. 
In the next Chapter, the general modelling and experimental methodologies which are used 
throughout Chapters 4, 5 and 6 are described and discussed. Specific issues regarding the 
modelling and the experiments to each repair system considered in this research are described in 
these three later chapters. 
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3  
General experimental methods and 
modelling methodology 
3.1. Introduction 
The present chapter describes the general experimental methods related to material fabrication 
techniques, the FBG system, the mechanical testing and the FE and optical modelling 
methodology applied to the different repair systems considered in this work (i.e. the GFRP-to-
GFRP scarf repair, the GFRP-to-GFRP patch repair and the GFRP-to-aluminium patch repair). 
Initially, the sensor preparation and the manufacture of the laminates are described followed by 
the repair fabrication with the embedded sensor. The next part of the chapter describes the FBG 
system and the mechanical testing. The final part describes the FE and optical modelling 
methodology of all repair systems. Finally, some concluding remarks are drawn. 
3.2. Material fabrication techniques 
The material fabrication techniques described in this section were always performed in a special 
purpose room and at a controlled temperature of 20 °C. To prevent contamination and to 
comply with Health and Safety policies, a lab coat, silicon gloves, face mask and goggles were 
worn all the time during the material fabrication. 
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3.2.1. Sensor preparation 
 
For the sensor, this work used chirped fibre Bragg gratings (CFBG) sensors (supplied by 
TeraXion, Quebec, Canada) having nominal diameters 8 µm, 125 µm and 250 µm for the core, 
cladding and primary buffer, respectively. All the CFBG sensors used to monitor the repair 
systems were 60 mm long and the corresponding reflected spectral bandwidth  was 20 nm 
centred at 1550 nm. The sensors were not re-coated after the gratings were written (using ultra-
violet light during the fibre processing). This means that for the 60 mm grating length the 
nominal diameter was 125 µm. Sensors of different reflectivities were used for each repair system 
considered in this work, i.e. 70% reflectivity for the GFRP-to-GFRP scarf and GFRP-to-GFRP 
patch repairs, and 80% reflectivity for the GFRP-to-aluminium patch repair. However, the sensor 
preparation procedure was the same for each sensor. The core and the cladding were both made 
of single mode SMF-28® (single-mode fibre made of silica glass) fibre type. The primary buffer 
(see section 2.5.2 in Chapter 2 for further details) was made of polyimide. Table 3.1 shows the 
relevant properties of the CFBG sensors. 
 
Table 3.1: SMF-28® mechanical and physical properties [2], [74], [75]. 
Poisson’s ratio 0.16 
Strain-optic coefficients 
P11 
P12 
 
0.113 
0.252 
Thermo-optic coefficient 7e10-6 
Effective refractive index of CFBG sensor 1.449 
Sensor length [mm] 60 
Reflected wavelength range (at half maximum intensity) [nm] 20 
Central wavelength [nm] 1550 
Thermal expansion coefficient [x10-6/°C] 0.16 
Strain range [µε] +/- 9000 
Strain sensitivity [nm/µε] 1e10-3 
Temperature sensitivity [pm/°C] 10 
 
The sensors were supplied in boxes specially designed to accommodate them in order to avoid 
damage and dust contamination. Their preparation was essentially a matter of installing the 
standard FC/PC (Ferrule Connector/ Physical Contact) connectors. Since the sensors were all 
interrogated from the low-wavelength end, only one FC/PC connector was installed on each 
sensor. Figure 3.1 shows a schematic overview of the connector installation from (a) to (d). Here, 
the arrows indicate the sequence of the assembly. 
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Figure 3.1: Schematic of the fiber optic assembly. 
 
The installation of the connectors followed the supplier guide-lines [4] and involved the 
following steps. 
 
1. The crimp sleeve and the connector (shown in Figure 3.1) were cleaned by immersing 
them in isopropyl alcohol. 
2. Using a stripping tool, 30 mm of the primary buffer at the end of the optical sensor 
was removed from the cladding. The cladding was cleaned with a special tissue 
(Kimwipes® from Thorlabs Ltd) embedded in isopropyl alcohol to remove the 
remaining traces of primary buffer. 
3. A syringe with F112 epoxy resin from Thorlabs Ltd (a two part epoxy adhesive) was 
injected into a clean connector as shown in  Figure 3.2a until the formation of an 
excess of resin on the top of the connector ferrule as shown in Figure 3.2b. The 
sensor, which has been previously prepared for insertion into the connector ferrule as 
shown by the schematic in Figure 3.1a (i.e. with all the furcation tubing, the strain 
relief boot and the crimp sleeve in place), was then inserted into the connector ferrule 
up to the position shown in Figure 3.2b. Here, the excess of resin around the sensor 
on the top of the connector ferrule can be seen, i.e. from where the sensor emerged. 
This is important to enable a good polishing of the sensor which is described in step 7. 
sensor
Furcation 
tubing
Strain relief  boot Connector 
ferrule
Connector 
shell
Stripped 
sensor
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(a)  
 
(b) 
Figure 3.2: (a) injection of the F112 epoxy resin into the connector and 
(b) F112 epoxy resin excess coming from the connector 
ferrule [4]. 
 
4. Before the crimp sleeve was attached to the connector, some resin was also placed 
onto the connector in order to join the furcation tubing and the connector itself using 
the crimp sleeve. The crimp sleeve was finally crimped to the connector and furcation 
tubing. The schematic of Figure 3.1b presents an intermediate step showing the 
connector and the furcation tube already positioned. The schematic of Figure 3.1c 
shows the crimp sleeve already attached to the furcation tube and the connectors. For 
this, the Kevlar® fibres coming from the inside of the furcation tubing were used to 
reinforce the bonded joint. 
5. The sensor connector joint was placed in an oven to cure the F112 epoxy resin at 65 
°C for 15 min. This step was concluded by positioning the strain relief boot as shown 
in Figure 3.1d. 
6. The excess of sensor (projecting from the connector as shown in Figure 3.2b) was 
cleaved using a wedge shape diamond scribe and abraded to be flush with the adhesive 
bead using a 5 μm abrasive film. Finally, the connector was cleaned using Kimwipes® 
embedded with isopropyl alcohol. 
7. The sensor was polished (Figure 3.3) using a precision polishing disc and different 
polishing films, i.e. of 3 µm and 1 µm sequentially. The connector was cleaned using 
Kimwipes® embedded with isopropyl alcohol and inspected after each polishing stage 
to prevent contamination of the subsequent film. This inspection was performed using 
a magnifier. Polishing was finished when no scratches and resin were seen on the 
sensor. 
Ferrule
Sensor
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Figure 3.3: Polishing technique using a precision polishing disc [4]. 
 
After installation of the FC/PC connector, the sensor was interrogated and the reflected 
spectrum viewed (see the procedures described in section 4.3) in order to verify that the 
installation and the polishing were correctly accomplished. Also, the beginning of the low-
wavelength end of the sensor was detected by carefully applying pressure on the sensor using a 
small metallic roller of 5 mm diameter. At this position (within ±1 mm of the start of the CFBG 
sensor), the sensor was marked in order to allow good positioning within the repair during its 
fabrication. 
 
3.2.2. Laminate manufacture 
 
The composite laminates considered in this work were all fabricated from 8 harness-satin glass 
fibre woven fabric (from Fothergill Engineered Fabrics Ltd) embedded in epoxy resin to produce 
a glass fibre reinforced polymer (GFRP). The fabric was woven from similar warp and weft tows 
consisting of three finer bundles twisted together. Each of these finer bundles had a Tex value of 
22. The fabric had a weight of approximately 297 g/m2 and thickness of 0.23 mm [76]. It was 
marginally unbalanced with 224 and 213 ends and picks per 100 mm respectively [76]. The three-
part epoxy resin used contained 100 parts of Bisphenol A Epichlorohydrin resin, 60 parts of 
Nadic Methyl Anhydride (NMA®) hardener and 4 parts of Ancamine® K61B catalyser, by weight. 
These chemicals were supplied by Kommerling UK Ltd, Fluka Ltd and Air Products Ltd, 
respectively. The advantage of this composite system was its transparency, enabling damage 
inside the material to be observed. A wet hand lay-up technique was used to manufacture all 
laminates in this work. 
The laminate manufacturing can be divided into five distinct stages, i.e. (i) cutting of the fabric 
considering the fibres orientation, (ii) resin preparation, (iii) laminating, (iv) laminate degasing and 
finally (v) curing. The different fabric layers were cut from a roll supplied by Fothergill Ltd. The 
Disc
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fabric was unwound from the roll on a clean table and carefully aligned with the help of a metallic 
ruler and set-square. Then, squares of dimensions 300 mm by 300 mm were drawn on the fabric 
using a marker, a ruler and set-square. Using scissors, the fabric layers were cut following the 
lines drawn on the fabric and were kept in a dry and clean place. There was no need to create any 
further marks to indicate the fibre orientation since the fibres of the fabric were clearly 
distinguishable. Note that as this is an 8HS fabric, each side of the fabric is dominated either by 
0° or 90° fibres. This is especially important during the laminating stage (described below) in 
order to obtain a balanced and symmetric laminate. 
The second stage was the resin preparation. For this, a plastic beaker and a mixer, properly 
cleaned with isopropyl alcohol, were used. The mass of resin needed to produce the laminate was 
predicted by assuming a volume fraction of the laminate of 40% and matrix and fibre densities of 
1.22 g/cm3 and 2.56 g/cm3, respectively [76]. Each part of the three-part epoxy resin was 
measured using a balance with precision of 0.001 g. Firstly, the Shell Epikote® 828 (Bisphenol_A) 
resin was poured into a beaker followed by the Shell Epicure Nadic Methyl Anhydride (NMA®) 
curing agent and then the Ancamine® K61B accelerator. The resin was carefully mixed with the 
bottom of the beaker being partially immersed in hot water (at about 60 °C) in order to facilitate 
the mixing process. This took approximately 5 minutes, when the resin had attained a uniform 
colour. In order to remove the excess of air trapped in the resin, the beaker was then placed into 
the vacuum oven (at room temperature) which was set to increase the temperature at a rate of 2 
°C/min up to 50 °C and apply a negative pressure of 1 bar. In total, this process took 45 minutes 
and was completed when no bubbles were seen coming out of the resin. During the degasing of 
the resin, the manufacturing tools needed for the next stage (i.e. the laminating stage) were 
carefully cleaned with isopropyl alcohol and placed on a cleaned bench. Also, three glass plates of 
dimensions 300 mm by 300 mm were cleaned and put into a pre-heated oven at a temperature of 
50 °C. Glass plates are normally used for laminating because they are flat and stiff at the laminate 
manufacturing temperatures and have a very good surface finish which is reproduced onto the 
surfaces of the laminate during the curing stage (last stage). The glass plate was warmed to help 
keep the resin as warm as possible and so ease impregnation of the resin into the fabric. 
When the resin degasing was close to an end, the apparatus for the laminating process was 
prepared and is shown schematically in Figure 3.4. Low matrix viscosity was maintained by 
keeping the overall laminating time to a minimum. Figure 3.4 shows the schematic of the initial 
apparatus. Here, a sheet of Melinex® (with impregnated release agent) of dimensions 350 mm by 
350 mm was carefully placed on and at the centre of the pre-warmed glass plate. Also, a 
rectangular section polymer bar (cleaned with isopropyl) was placed on the top of the Melinex® at 
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the edge of the glass plate. This was to help the alignment of each fabric layer during laminating 
process. Sealing tape was used to fix this bar to the Melinex® sheet. 
 
Figure 3.4: Initial apparatus for the laminating process. 
 
After the resin degasing finished, the laminating process (i.e. the third stage mentioned earlier) 
began. Initially, a layer of liquid resin was carefully and continuously laid down at the centre of 
the Melinex® and the glass plate as shown in schematic of Figure 3.5a. This was mainly to avoid 
the creation of bubbles. The amount of resin used was estimated by dividing the volume of the 
resin (indicated by the beaker) by the number of layers of the laminate. Figure 3.5b shows a 
schematic of an advanced stage of the resin spread-out after a few seconds. At this point, it was 
time to lay-down the first layer of the fabric. 
 
(a) 
 
 
(b) 
Figure 3.5: Resin laid-down during laminating: (a) initiation and (b) finalised. 
 
The first fabric layer was laid-down carefully and slowly in order to avoid air being trapped. It 
was a slow and continuous movement from the positioning bar to the opposite side as shown in 
the schematic of Figure 3.6a. Figure 3.6b shows the final stage of the first layer lay-up when, after 
a few minutes, the resin was completely absorbed by the fabric. This process of resin pouring and 
fabric layup was repeated during the lay-up of the remaining fabric layers with the glass plate 
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being replaced by another pre-warmed plate every four fabric layers. Attention was given at the 
symmetry plane ensuring that the 0° fibres were always on the outside in respect to the centre of 
the laminate. After the lay-up of the last fabric layer, the last portion of resin was carefully and 
continuously laid down on the top of the laminate. 
 
(a) 
 
 
(b) 
Figure 3.6: (a) Detailed section view of the lamination initiation and (b) total resin impregnation. 
 
The laminating stage was finalised by removing the positioning bar and placing a second sheet 
of Melinex® of same dimensions on the top of the laminate. Figure 3.7shows the schematic of the 
technique used for this. Initially, the Melinex® was gently folded (but not creased) and put into 
contact with the resin as shown in schematic of Figure 3.7a. Then the Melinex® was unfolded 
carefully and slowly to keep the contact with the resin as much as possible to avoid trapping the 
air (which may lead to bubbles in the laminate). This sequence is indicated by the arrows in this 
figure. At this stage, there was a last change of pre-warmed glass plates. A few minutes were 
given in order to allow the fabric to absorb the remaining resin which was helped by the 
Melinex® self-weight. The schematic in Figure 3.7b shows the Melinex® already in place and the 
resin absorbed by the fabric layer. 
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(a) 
 
 
(b) 
Figure 3.7: Schematic of the Melinex® (a) placement technique and (b) completely placed. 
 
The fourth stage consisted of placing the laminate and the glass plate (as shown in Figure 
3.7b) into the vacuum chamber on the pre-warmed steel plate at 50 °C to remove the remaining 
air in the laminate. A steel plate was used because of better heat capacity compared to glass, i.e. 
better at retaining temperature over time. The laminate was subjected to a negative pressure of 1 
bar for 1 hour.  
Finally, the curing stage (i.e. the final and fifth stage) consisted of placing the laminate into the 
curing oven with a pre-warmed glass plate being carefully placed on the top of the laminate. The 
laminate was put under a pressure of approximately 12 kPa as shown in the schematic of Figure 
3.8a. This pressure was achieved by the self-weight of the upper metal plate of the oven and by 
the use of additional weights on the top of this. The laminate was cured for 3 hours at 100 °C 
with a warm-up rate of 2.5 °C/min as shown in Figure 3.8b. The laminate was always left in the 
oven overnight in order to allow the temperature to decrease to approximately room 
temperature. 
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(a) 
 
(b) 
 
Figure 3.8: (a) Schematic of the laminate under pressure ready for curing and the (b) curing cycle used. 
 
All the laminated panels fabricated in this work followed strictly all the above procedures. 
Three different lay-ups were considered, i.e. [(0,90)/(90,0)]4S for the GFRP parent coupons and 
[(0,90)/(90,0)]2S and [(0,90)] for the GFRP patches. Thicknesses of approximately 4 mm (16 
plies), 2 mm (8 plies) and 0.25 mm (1 ply) were obtained for each panel, respectively. 
Now that the sensor preparation and the laminate manufacture have been described, the 
fabrication of the scarf and the patch repair with the sensor embedding are described in the next 
section. 
 
3.2.3. Repair fabrication with embedded sensors 
 
Two different repair techniques were considered in this work (i.e. the scarf and the patch 
techniques) and three different repair systems (i.e. GFRP-to-GFRP scarf repair, GFRP-to-GFRP 
patch repair and Al to GFRP patch repair as shown in Figure 3.9, respectively). In this figure, it 
shows that the scarf repair system (Figure 3.9a) is formed by the scarf patch and the overplies 
bonded to the parent laminate and that the patch repair systems (Figure 3.9b and Figure 3.9c) 
consist only in a bonded patch to the damaged region of the parent material. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 3.9: Schematic diagram of the (a) GFRP-to-GFRP scarf repair, the (b) GFRP-to-GFRP patch 
repair and the (c) GFRP-to-aluminium patch repair – cross-sections not to scale. 
 
The scarf repair system consisted of bonding similar materials and the patch repair systems 
consisted of bonding similar and dissimilar materials. The general dimensions of the parent 
coupons for each repair system are shown in the schematics of Figure 3.10. The GFRP parent 
coupons (shown in Figure 3.10a and Figure 3.10b) were obtained from a 16-ply laminate panel 
(of approximately 4 mm thick) by wet diamond-saw cutting. The aluminium parent coupon 
(shown in Figure 3.10c) was obtained from a large aluminium panel by water-jet cutting. Material 
cut-out at the centre of the each parent laminate (Figure 3.10a and Figure 3.10b) was obtained by 
a further machining operation and the removal of this material was to simulate the removal of 
damaged material, for example, after an impact. The notch in the aluminium parent coupon in 
Figure 3.10c was introduced in order to enforce damage initiation at the tips of the notch during 
the mechanical testing. The details of the mechanical testing performed on each repair system can 
be found in section 3.4. The scarf hole shown in Figure 3.10a was obtained after a two-stage 
machining operation, i.e. first by drilling a 20 mm diameter followed by turning at an angle of 
22°. Consequently, the diameter at the other coupon face was 40 mm, approximately. The parallel 
hole shown in Figure 3.10b for the second parent GFRP coupon was machined to a diameter of 
20 mm. The notch in the aluminium parent coupon was cut (by water-jet cutting) 11 mm long 
and 1 mm wide approximately. 
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(a) 
 
(b) 
 
(c) 
 
Figure 3.10: Three-dimensional schematics of the parent coupons considered for the (a) GFRP-to-GFRP 
scarf repair, (b) GFRP-to-GFRP patch repair and for the (c) GFRP-to-aluminium patch repair 
with dimensions in millimetres. 
 
Before the scarf repair, it was necessary to prepare the fabric layers of the scarf patch and the 
overplies. Note that this step was not required for the patch repairs since the patch repairs were 
accomplished by bonding pre-cured GFRP patches onto the parent plate. These pre-cured 
patches were obtained from the thinner laminate panels (i.e. either 8- or 1-ply thick) by water-jet 
cutting (the fabrication details were described in the previous section). These laminated panels 
were approximately 2 mm and 0.25 mm thick, respectively. 
The preparation of the fabric layers of the scarf patch consisted of cutting circular layers of 
the same 8-harness-satin (8HS) glass fabric. The aim was to fill the scarf hole with the same 
material and lay-up as the GFRP parent coupon (shown in Figure 3.10a). For this, circular fabric 
layers were cut using a bespoke cutting tool. This consisted of metal wad-punches with different 
diameter cutting edges. Figure 3.11 shows a schematic of a wad-punch developed and the cutting 
edge is indicated. The diameter of each wad-punch cutting edge was calculated dividing the total 
increase in diameter of the scarf hole along the thickness direction (i.e. from 20 mm to 40 mm) 
by the number of layers of the parent coupon (i.e. 16 plies). The starting diameter was considered 
to be 20 mm to match the smallest diameter of the scarf faced in Figure 3.10a. For the remaining 
diameters, this increased by 1.25 mm consecutively up to 40 mm. For the overplies (which 
consisted of a single layer of the same fabric) wad-punches of 60 mm and 70 mm diameter were 
used. Two overplies made of a single ply were used to reinforce the repair on each side. More 
details about the overplies are given during the description of repair fabrication stage below. 
4
4
2
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Figure 3.11: Schematic of a wad-punch. 
 
The cutting of the fabric circles was performed by placing squares of pre-cut fabric layers (cut 
from a roll supplied by Fothergill) onto a flat and cleaned square piece of wood. Each square 
fabric layer was then hand-stretched and the fibres aligned. The cutting itself was achieved by an 
initial punch (using a hammer) followed by hand-rotation of the wad-punch under some pressure 
in order to finalise the cutting. The complete cutting was achieved when the circular fabric layer 
detached completely from the main square fabric layer. The result of this cutting technique was 
well-defined fabric circles keeping the fibres aligned. 
The repair fabrication comprised three different stages, i.e. the (i) surface preparation stage, 
the (ii) repair manufacture stage and finally, (iii) the repair curing stage. Next, each of these stages 
is described for all three the repair systems, consecutively. 
The surface preparation stage (first stage) was similar for the three repair systems. This 
consisted of abrading and cleaning the surfaces to be bonded. For the scarf repair system, only 
the GFRP parent coupon needed to be abraded since the patch and the repair were co-cured. On 
the other hand, for the patch repair systems, there were both the GFRP and the aluminium 
parent coupons and also both the GFRP pre-cured patches. The abrading paper used was 400 
grit and 1200 grit for the aluminium and GFRP respectively. The surfaces were cleaned using 
tissue soaked in isopropyl. All the surfaces were consistently abraded in order to reduce the 
variability that this may cause to the strength and fatigue resistance of the repair. This stage was 
always performed immediately before the repair (i.e. second stage), and the abraded surfaces 
always kept away from dust. A good surface preparation is crucial for good adhesion. 
The repair manufacture (second stage) of the scarf repair was accomplished by using the wet-
lay-up technique (described early in section 3.2.2) and the fabric circles for the patch and 
overplies. The procedures for the preparation of resin were also the same as described earlier. A 
sheet of Melinex® (with no release agent) of dimensions 140 mm by 200 mm was initially 
positioned at the centre of a cleaned and pre-warmed (at 50 °C) glass plate with dimensions 300 
mm by 300 mm. Then, the parent coupon was placed on the top of this Melinex® sheet. Figure 
Cutting edge
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3.12 shows a schematic of the repair set-up from different views. Figure 3.12a shows the section-
view of the repair set-up showing the stacking sequence of the repair. Here, and after the 
positioning of the GFRP parent coupon, an initial portion of liquid resin was carefully and slowly 
placed at the centre of the scarf hole on the Melinex® (from a small beaker). This was followed by 
positioning of the 20 mm diameter fabric layer (i.e. the first layer). This lamination process was 
repeated up to the last fabric layer of the repair (i.e. the 60 mm or the 70 mm overply) as shown 
by the arrows in Figure 3.12a. The 0° fibres of the overply fabric layer were placed adjacent to the 
0° fibres of the last fabric scarf patch ply (40 mm diameter ply) and, as a consequence, the 90° 
fibres were on the outer side of the repair. During this laminating process, each fabric layer was 
positioned and orientated with the help of properly cleaned tweezers to allow the repair to be 
concentric and the fibres aligned with the GFRP parent coupon. The purpose of this was for 
both the scarf patch and the GFRP parent coupon to have the same lay-up. Before positioning 
another sheet of Melinex® of dimension 140 mm by 200 mm (with release agent this time for 
easy removal after curing) on the top of the repair, the remaining portion of resin was placed at 
the centre of the overply. The positioning of this sheet of Melinex® followed the same technique 
used during the parent coupon laminate manufacture (see Figure 3.7) as again, the glass plates 
were exchanged after the lamination of each four fabric layers to maintain the resin at an elevated 
temperature. Figure 3.12b shows the schematic plan view of the repair set-up used. 
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(a) 
 
 
(b) 
Figure 3.12: (a) Section view schematic of scarf repair, and (b) plan view. 
 
After giving some time for the fabric layers of the repair to be fully wetted by the epoxy resin, 
the parent laminate was turned around carefully and placed on another warm glass plate covered 
by a sheet of Melinex® (with release agent) of 280 mm by 280 mm (nearly of the size of the 
plate). The turn-around of the coupon was to allow the positioning of the 60 mm CFBG sensor 
and the second overply. The second sheet of Melinex® was to protect the glass from the resin 
during the curing stage (last stage) of the repair. The sensor was placed at the centre of the parent 
laminate and fixed at both the ends using masking tape. Care was taken to ensure that the sensor 
was straight but not in tension. Figure 3.13 shows a schematic of the repair at this stage where is 
possible to see the positioned sensor and the overply fabric layer. Before laying down the second 
overply fabric layer, a portion of epoxy resin was carefully and slowly placed at the centre of the 
repair. Following similar laminating procedures described earlier, the overply was placed 
concentrically with the repair (as indicated by the arrows in Figure 3.13). Here, the 0° fibres of 
the overply were adjacent to the sensor and the 0° fibres of the first ply of the scarf patch (20 
mm diameter ply). As a consequence, the 90° fibres were on the outer side of the repair. A few 
minutes were given to allow the resin to wet-out the fabric. 
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Figure 3.13: Schematic of the scarf repair. 
 
A last portion of resin was then placed at the centre of the overply followed by another sheet 
of Melinex® (with release agent) of dimensions 140 mm by 200 mm, following the technique 
described earlier. Figure 3.14 shows a schematic plan view of the repair at this stage. 
 
Figure 3.14: Plan view schematic of the lamination. 
 
Another pre-warmed glass plate (at 50 °C) with a sheet of Melinex® (with release agent and of 
dimensions 280 mm by 280 mm) was placed on the repair. This Melinex® was to protect the glass 
from the resin during the curing stage (last stage) of the repair matching the procedure used on 
the opposite face. 
 The repair of both patch repair systems was similar and accomplished by using an aerospace-
graded adhesive film (i.e. FM®-73 one-side-tacky supplied by Cytec Ltd). This was used to bond 
the pre-cured GFRP patches to the parent coupons (i.e. the GFRP and aluminium parent 
coupons). This adhesive film was of nominal thickness 0.13 mm containing a polyester carrier 
mat in order to better control the thickness of the adhesive during the curing stage. The parent 
coupon was placed on a glass plate covered by a sheet of Melinex® (with release agent) of 
dimensions 280 mm by 280 mm. Two layers of the adhesive film were used in both systems on 
each patch. For the GFRP-to-GFRP patch repair, this was achieved with the help of circles of 70 
mm diameter drawn on the adhesive protective paper using a pre-cut template. The adhesive 
layers were cut using properly cleaned scissors (with isopropyl). For the GFRP-to-aluminium 
patch repair, the two adhesive layers (of dimensions 70 mm by 40 mm) were cut using a properly 
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cleaned razor blade, a metallic ruler and a set-square. A 60 mm CFBG sensor was placed at the 
centre of the panel in the GFRP-to-GFRP repair and 10 mm away from the parent panel notch 
tip in the GFRP-to-aluminium repair. The sensor was fixed at both the ends using masking tape. 
Care was taken to ensure the sensor was straight but not in tension. Figure 3.15 shows the 
schematic of the (a) GFRP-to-GFRP and the (b) GFRP-to-aluminium patch repairs at this stage, 
where is possible to see the positioned sensor, the adhesive film and the GFRP patch. The 
adhesive film and the patch on each repair system were then placed and aligned with each parent 
coupon (as indicated by the arrows in Figure 3.15). Care was taken to allow the aligment of the 0° 
fibres with the sensor. 
 
 
(a) (b) 
Figure 3.15: Schematic of the (a) GFRP-to-GFRP repair and the (b) GFRP-to-aluminium repair. 
 
The final stage consisted of curing each repair system. For the scarf repair, this was 
accomplished by placing the repair (between the glass plates) into the oven to cure at 100 °C for 
3 hours using a warm-up rate of 2.5 °C/min as shown earlier in Figure 3.8b for the laminate 
panels. Weights were used to increase the pressure on the repair to 9 kPa (i.e. of a similar 
magnitude used during the curing stage of laminate panels described earlier). This allowed a 
similar volume fraction to be achieved in the patch and the GFRP parent coupon. 
For the patch repairs, final cure of the adhesive was accomplished by placing the repair 
(between the glass plates) into the oven to cure at 120 °C for 1 hour at a warm-up rate of 4 
°C/min as shown in Figure 3.16, following the manufacturer guidelines. Weights were used on 
both repairs to increase the pressure on the repair to 8 kPa and 11 kPa for the GFRP-to-GFRP 
and GFRP-to-aluminium repairs, respectively. These pressures were much lower than the 
pressure recommended by the adhesive manufacturer in order to prevent damaging or breaking 
the sensor during the curing stage. 
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Figure 3.16: Curing cycle considered for the FM®-73 (OST). 
 
The above repair systems were tested in fatigue either in 4-point bending (GFRP-to-GFRP 
scarf and GFRP-to-GFRP patch repairs) or tensile loading (GFRP-to-aluminium patch repair). 
The general description of the mechanical testing undertaken is described in section 3.4 of the 
current chapter. The next section describes the FBG sensor system arrangement, the broadband 
light source (interrogator) and how the reflected spectrum capturing was undertaken. 
3.3. FBG sensor system 
3.3.1. FBG sensor system arrangement 
 
The FBG sensor arrangement used during testing is shown schematically in Figure 3.17. It 
consists of a dedicated FBG interrogator, the specimen and a laptop. The W4-5 FBG 
interrogator was a four channel system supplied by Smart Fibres Ltd. This combines a laser 
source and an optical interrogator. It is computer controlled and self-contained. The sensor 
embedded in the specimen plugs directly into the interrogator using standard FC/PC optical 
connectors (installed on the sensor as described in section 3.2.1). The software supplied with the 
system continuously scans the sensor at a frequency of 1 Hz. The connection between the 
interrogator and the laptop was established by an Ethernet LAN cable. The working principle of 
the system shown in Figure 3.17 consisted of the interrogator supplying a laser beam to the 
CFBG sensor. Due to the Bragg gratings of the sensor, part of this source of light is reflected 
back to the interrogator, which in turn, forwards the signal to the laptop. The laptop had 
commercial software installed (SmartSoft by Smart Fibres Ltd) [77] which was able to read the 
signal and convert it into a reflected spectrum. The FBG sensor system arrangement shown in 
Figure 3.17 was used for all the repair systems tested. 
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Figure 3.17: Schematic of the FBG system arrangement. 
 
The reflected signal displayed in the laptop in the form of a reflected spectrum. A typical 
spectrum for an unstrained sensor is shown in Figure 3.18, which shows that the 60 mm CFBG 
used in this work produced a reflected spectral bandwidth of 20 nm centred at 1550 nm. 
 
Figure 3.18: Typical CFBG sensor reflected spectrum – without being embedded. 
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3.3.2. Broadband source 
 
As mentioned earlier, the W4-5 FBG interrogator was used in this study to interrogate the CFBG 
sensors supplying a broadband light source. The interrogator was a static data acquisition system 
with the characteristics shown in Table 3.2. 
 
Table 3.2: Optical properties of the W4-5 interrogator [78]. 
Scan frequency 1 Hz 
Wavelength range 1510-1590 nm 
Wavelength repeatability 0.5 pm at 1 Hz 
Dynamic range 50 dB 
 
3.3.3. Reflected spectrum capturing procedure 
 
In this work, the reflected spectrum was recorded at three distinctive stages, i.e. (i) immediately 
after the FC/PC connector installation and before being embedded within the repair, (ii) before 
the start of the fatigue test (no damage in the repair), under different static loading conditions  
and (iii) during the fatigue test (with evolving damage), under different static loading conditions. 
At stage (i), the reflected spectrum obtained is termed (in this work) as the “original spectrum”. 
To capture the reflected spectrum in all of these three different stages, the following procedures 
were followed. 
1. All the equipment was prepared and connected as shown in Figure 3.17 – apart from 
the Ethernet LAN cable. 
2. The laptop and the interrogator were turned on. After a few minutes, the interrogator 
and the laptop were fully operational. For the interrogator, this was indicated by a 
green light emitting diode. This green light was necessary to obtain prior the 
connection between the laptop and the interrogator (described in the next point) in 
order to allow a successful communication establishment. 
3. The laptop was connected to the interrogator via the Ethernet LAN cable and after a 
few seconds, the connection was finalised; 
4. The software SmartSoft [77] was opened in the laptop and the reflected spectrum 
recorded as an “xls” file in order to be imported into Microsoft Excel®. 
 
The above procedure was repeated for all the repair systems considered in this work. Now 
that the specimen fabrication and the FBG system have been described, the details of the 
mechanical testing are presented. 
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3.4. Mechanical testing 
The GFRP-to-GFRP scarf repaired specimens were tested under 4-point bending in fatigue as 
shown in the schematic of Figure 3.19. Here, it can be seen that the outer and the inner rollers 
were 200 mm and 100 mm apart, respectively. The top half of the coupon was subjected to 
compressive stresses and the bottom half subjected to tensile stresses. The fatigue tests were 
carried out using Instron 8800 computer-controlled servo-hydraulic testing machine at maximum 
and minimum loads of 1.4 kN and 0.15 kN respectively, and a R-value of 0.1. These loads were 
used in order to allow a steady-state crack growth in the bond-line. The load cycling followed a 
sinusoidal waveform at a frequency of 1 Hz. To avoid sliding during the experiment, the 
specimens were held by a pin coming from one of the rotating bottom rollers. The fatigue test 
was interrupted periodically in order to photograph the damaged region and record the reflected 
spectra and any independent strain gauge measurements. The transparency of the GFRP material 
allowed the damage to be observed within the repair and photography was used to record the 
damage development. Sensor measurements were made with the coupon statically loaded at 0 
kN, 0.5 kN and 1 kN. 
  
Figure 3.19: Schematic of a GFRP/GFRP scarf repaired specimen subjected to 4-point bend fatigue 
loading. 
 
The GFRP-to-GFRP patch repaired specimens were also tested under 4-point bending in 
fatigue as shown in the schematic of Figure 3.20. The general dimensions of these specimens 
were the same as for the scarf repair, and therefore, tested on the same rig. Figure 3.20 shows 
that the repair was on the tensile side of the coupon. The fatigue tests were carried out using a 
computer-controlled servo-hydraulic test machine (Instron 8800 with load cell of 20 kN) at 
maximum and minimum loads of 1.2 kN and 0.15 kN respectively and a R-value of 0.1. These 
loads were used in order to allow a steady-state crack growth in the bond-line. The load cycling 
followed a sinusoidal waveform at a frequency of 1 Hz. Again as for the scarf repair, the 
specimens were held by a pin coming from one of the rotating bottom rollers. The fatigue test 
was interrupted with increasing fatigue cycles, in order to photograph the damaged region and 
record the reflected spectra. Again, the transparency of the GFRP material allowed the damage 
within the repair to be observed and photography was used to record the damage development. 
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Sensor measurements were also made with the coupon statically loaded at 0 kN, 0.5 kN and 1 
kN. 
  
Figure 3.20: Schematic of a GFRP/GFRP patch repaired specimen subjected to 4-point bend fatigue 
loading. 
 
The GFRP-to-aluminium patch repaired specimens were tested under tensile load in fatigue 
(tension-tension) as shown in the schematic of Figure 3.21. The fatigue test was carried out using 
a computer-controlled servo-hydraulic universal test machine (Instron 1341 - 8800 retrofit) at 
maximum and minimum loads of 10 kN and 5 kN respectively, and a R-value of 0.5. These loads 
were used in order to allow a steady-state crack growth in the parent material. The load cycling 
was of a sinusoidal waveform at a frequency of 10 Hz. The fatigue test was interrupted 
periodically, in order to photograph the damaged region and record the reflected spectra. These 
measurements were made with the coupon statically loaded at 0 kN and 6 kN. This load allowed 
the sensor to be strained without causing any crack growth, but also to have crack opening for 
easy crack length measurements using the optical microscope. Furthermore, all GFRP-to-
aluminium specimens were polished on the unpatched face of the coupon where the crack was 
expected to propagate. This was achieved by hand-polishing using 600-grit paper (with SiC 
abrasive) before the start of the fatigue test to allow more accurate crack length measurements. 
  
Figure 3.21: Schematic of Al/GFRP patch repaired specimen subjected to tensile fatigue loading. 
 
The following section describes the general modelling methodology. Details of the modelling 
of each repair system can be found in Chapters 4, 5 and 6 for the GFRP-to-GFRP scarf repair, 
GFRP-to-GFRP patch repair and GFRP-to-aluminium patch repair systems, respectively. 
3.5. FE and optical modelling methodology 
3.5.1. Introduction 
 
In order to reinforce and better understand the optical results, FE (finite-element) and optical 
modelling of all the repair systems was carried out. For this, FE modelling using Abaqus® 6.10 
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[79] was undertaken first in order to collect the strains along a path coincident with the physical 
position of the sensor. These strains were then input into the commercial software Optigrating® 
v.4.2 [72] in order to obtain the optical predictions. 
 
3.5.2. FE modelling methodology 
 
Every repair system considered was modelled using solid elements with orthotropic and isotropic 
material properties for the laminate and for the adhesive and aluminium, respectively. The 
orthotropic elastic properties considered in the FE models for the eight-harness GFRP laminates 
are shown in Table 3.3. The isotropic elastic properties for the resin, the adhesive FM®-73 (OST) 
and the aluminium alloy (2014-T6), are shown in Table 3.4. 
 
Table 3.3: Laminate elastic properties [80]. 
E1 = 21000 MPa ν12 = 0.183 G12 = 3700 MPa 
E2 = 21000 MPa ν13 = 0.0305 G13 = 3500 MPa 
E3 = 8550 MPa ν23 = 0.075 G23 = 3500 MPa 
 
Table 3.4: Resin, FM®-73 and Al-2014 elastic properties [81], [82]. 
EFM-73 = 2000 MPa νFM-73 = 0.4 
EAl = 72400 MPa νAl  = 0.33 
EEpoxy = 4000 MPa νEpoxy = 0.36 
 
Due to symmetry, just one quarter of each repair system considered in this work was 
modelled, applying appropriate symmetry boundary conditions. The bond-line of the GFRP-to-
GFRP scarf repair system (i.e. a resin-rich layer), was considered to be 0.2 mm thick. The bond-
line for the GFRP-to-GFRP and GFRP-to-aluminium patch repair systems (i.e. the FM®-73 
(OST) adhesive film) was also considered to be 0.2 mm thick. These bond-line thicknesses were 
all approximate thicknesses, and consistent with measurements on the repaired coupons.  
The models were created by generating a geometric solid volume for each part of each repair 
system. The repair model parts were joined along appropriate surfaces using tie constraints. 
Damage was introduced by creating a surface partition based on the experimental observations 
and the damage surface was left untied. The mesh (of quadratic order) was particularly fine (i.e. 
0.06 mm) along the physical position of the sensor for better accuracy in the optical modelling, 
and the element size was increased throughout the remainder of the coupon for faster analysis. 
No assessment of the effect of the mesh size on the FE results was performed due to the need 
for such a fine mesh for better optical results. The FE modelling provided the strain profile along 
the position of the sensor from each repair system modelled. As a consequence, the sensor was 
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never explicitly modelled in the FE models. The details of the FE modelling for each repair 
system can be found in the relevant chapter.  
 
3.5.3. Optical modelling methodology 
 
Once the longitudinal strain which the sensor experienced was determined (by FE modelling 
using Abaqus® 6.10 [79]), then this strain was used to predict the CFBG optical response using 
commercially available software (Optigrating® v.4.2) [72]. This software allows a particular grating 
to be defined in terms of grating shape (chirped), refractive index, length and chirp profile [83]. 
These parameters are then used within the software to solve the relevant equations [84], [85], 
enabling the reflected spectrum to be predicted. 
The longitudinal strains along the position of the sensor were then processed using an Excel® 
spreadsheet to convert the strain along the position of the sensor into a refractive index and chirp 
profile using the initial unstrained properties of the sensors. These properties include the 
refractive index, Poisson’s ratio, strain-optic coefficients and the central wavelength (shown in 
Table 3.1). The strained chirp profile was calculated as outlined in the following steps: 
 
1. Determination of the unstrained chirp profile to give the range of grating spacings 
(calculated by converting the minimum and maximum reflected wavelengths into grating 
spacing using the Bragg equation using Equation 3.1 which λB is the Bragg wavelength, neff 
is the effective refractive index and Λ is the grating spacing) 
 
 effB n2  Equation 3.1 
 
2. Determination of the relationship between grating spacing and physical position along the 
sensor length for an unstrained CFBG (calculated by dividing the range of grating 
spacings by the physical length of the sensor). 
3. Determination of the strained chirped profile of the sensor (calculated by multiplying the 
unstrained chirp profile by the change in length at each location (caused by the strain). 
 
The strained refractive index profile for the CFBG sensor was determined by using Equation 
3.2 (taken from [86]) where ε is the strain, pe is the photo-elastic coefficient, neff,0 is the unstrained 
effective refractive index and ∆neff is the change in effective refractive index. The photo-elastic 
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coefficient, pe, was determined from Equation 3.3 (taken from [87]) where P11, P12, and ν are 
shown in Table 3.1. 
 
eeffeff pnn 0,  Equation 3.2 
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This data was then imported into OptiGrating® [72] which produced the predicted reflected 
spectrum. Further details of the OptiGrating® [72] parameters can be found in [85] and [2]. 
3.6. Polishing of composite samples for optical microscopy 
During this research, it was necessary to make observations of cross-sections of the GFRP 
composite repair specimens at high magnification using an optical microscope. The repair cross-
sections were embedded in Epofix® epoxy resin in 20 mm diameter discs, which were allowed to 
cure overnight at room temperature. The samples (with polishing surface area of approximately 
15 mm by 4 mm) were then ground and polished using a Struers Planopol Pedemax 6 specimen 
holder table top machine following the sequence in Table 3.5 and Table 3.6, respectively. The 
grinding was completed with a 5-step procedure before the 3-step polishing. Three samples were 
used each time with 30 N force applied to each sample. On some occasions, there was a need to 
re-polish either to reveal the 125 µm diameter sensor or the damage progression on the same set 
of samples. In the first case, the time in Table 3.5 was reduced to few seconds and the starting 
point for the grinding was normally using a grain size of 1200 or 2400 depending on how much 
material needed to be removed. This technique enabled to spot the sensor as shown in Chapter 5 
for the GFRP-to-GFRP patch repair. The polishing followed the same steps indicated in Table 
3.6. In the second case (when further sections needed to be analysed in order for the damage 
progression to be assessed as shown in Chapter 6 for the GFRP-to-aluminium repair), there was 
a need to remove a larger amount of material and, as a consequence, the starting point was 
normally a grain size of 600 or 1200 (depending on how much material needed to be removed) 
and the time in Table 3.5 was increased substantially. All the grinding performed in this work was 
controlled by previously determined material removal rates for each grain size used. This was 
achieved by following the steps in Table 3.5 using equivalent samples and measuring the height 
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of each of the three equivalent samples being used after each grinding step. For the 
measurements, a calliper was used. The polishing followed the same steps indicated in Table 3.6. 
 
Table 3.5: Grinding procedures of the repair cross-sections. 
Step 1 2 3 4 5 
Abrasive SiC 
Grit/Grain size 400 600 1200 2400 4000 
Lubricant Water 
Speed [rpm] 300 
Force [N] 90 
Time [s] 20 
 
Table 3.6: Polishing procedures of the repair cross-sections. 
Step 1 2 3 
Cloth DP-Dur 
Abrasive Diamond Suspension 
Grain [µm] 6 3 1 
Lubricant DP-Blue 
Speed [rpm] 150 
Force [N] 90 
Time [min] 5 
 
3.7. Concluding remarks 
This chapter has described the procedures of the material fabrication techniques (including 
sensor preparation), the FBG sensor system arrangement, the mechanical testing and the FE and 
optical modelling methodology that were repeatedly used in this work. Finally, it has described 
how the specimen’s samples were polished for the use in optical microscopy. 
All the composite panels were fabricated by the author. This was a challenging task due to 
easy air entrapment caused by the nature of the fabric itself (i.e. a glass eight-harness satin) and 
the thickness of the composite panels (16-ply laminate). However, composite panels with good 
quality (visible due to its transparency) were fabricated with a thickness tolerance of ± 0.5 mm. 
The sensor preparation and handling required a high level of concentration in order to avoid 
early breakage. The polishing for optical microscopy was time consuming and challenging in 
order to capture the 125 µm CFBG sensor. All in all, the experimental work was carried out 
consistently in order to minimise variability. 
In the next chapter, the results of the first repair system considered (i.e. the GFRP-to-GFRP 
scarf repair) are presented. 
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4  
Damage detection in GFRP/GFRP scarf 
repairs 
4.1. Introduction 
This chapter presents the results related to the flexural stiffness reduction of composite panels, 
which have been repaired using the scarf technique, as a consequence of fatigue damage. A 
chirped fibre Bragg grating (CFBG) sensor has been embedded within the repair of these panels 
to monitor the fatigue damage initiation and growth. To interpret and clarify the experimental 
findings, FE and optical modelling have been undertaken and the experimental-theoretical results 
are compared and discussed. Finally, some concluding remarks have been drawn. 
4.2. Static test results (specimens with and without sensors) 
Four-point bending static tests have been performed on repaired specimens in order to obtain 
the flexural modulus of the repaired specimens. The schematic of the repaired specimens 
subjected to this type of loading is shown in Figure 4.1. The details of the fabrication of the 
specimens and the mechanical testing have been described in Chapter 3 (sections 3.2 and 3.4).
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Figure 4.1: Schematic of the specimen subjected to 4-point loading. 
 
Some of the specimens tested were repaired with a 60 mm long CFBG sensor embedded 
within the repair itself as shown in the schematic of Figure 4.2 which shows a cross-section A’-
A’’ at the centre of the repair from the specimen plan view. The bending loads cause the upper 
half (above the neutral axis) of the specimen to be in compression and the bottom half (below 
the neutral axis) to be in tension. As a consequence, the sensor (which was positioned between 
the parent laminate and the 60 mm diameter bottom overply) was also subjected to tensile strains. 
Two strain gauges were mounted on each specimen symmetrically and 10 mm away from the 
coupon edges (SG1 and SG2 in Figure 4.2) to measure the longitudinal strains on the tensile face 
of the repair. These gauges were from Showa (N11-FA-2-120-11) with a gauge length of 2 mm, a 
resistance of 120 Ω ±0.3% and a gauge factor of 2.16 ±2%. The strain gauges installation 
followed the general guidelines procedures and cyanoacrylate was used to bond them on the 
GFRP overply. 
 
Figure 4.2: 
 
Schematic diagram of the scarf-repaired panel subjected to four-point bending load – cross-
section and plan view (not to scale). 
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Figure 4.3 shows a photograph of the plan view of the tensile face of a repaired specimen with 
sensor and cross-section schematic for clarification. Due to the transparency of the GFRP 
material, it is possible to see the scarf patch, the machined face, the bottom overply and the 
sensor. 
 
Figure 4.3: Photograph of the repaired region of specimen 1 (S1), tensile face (schematic not to scale). 
 
The flexural modulus was calculated using the average value of the strain measured by the two 
strain gauges used on each specimen when loaded statically at 1 kN. The strain gauges (i.e. SG1 
and SG2) were connected to a Vishay P-3500 strain indicator each in order to record the strain 
when loaded statically. Figure 4.4 shows a photograph of the strain indicator used. Three strain 
readings were undertaken for each strain gauge and the specimens being unloaded. 
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Figure 4.4: Vishay P-3500 strain indicator. 
 
The strain values had a maximum scatter of about 7%. The flexural modulus of the as-
manufactured specimen (i.e. uniform beam before machining) was also measured with the strain 
gauges being mounted at the same position and on the tensile face. The flexural modulus was 
calculated using Equation 4.1 (taken from [88]). 
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Equation 4.1 
 
Here, E is the flexural modulus, a is the distance between the outer rollers and the inner 
rollers, b is the width of the specimen, F is the load and ε is the strain. Table 4.1 shows the 
flexural modulus obtained for each specimen. The flexural modulus of the as-manufactured 
specimen was 21.2 GPa (with maximum strain values scatter of about 1.5%) which can be 
compared with the average value of 19.9 ± 0.4 GPa for the specimens repaired and with an 
included embedded sensor. Consequently, the repaired specimens with embedded sensors 
recovered about 94% of the initial flexural modulus of the coupon (one specimen, S5, repaired 
without an embedded sensor gave a slightly higher modulus of 21.1 GPa). 
 
Table 4.1: Flexural modulus results. 
Specimen type Flexural modulus [GPa] Sensor embedded [reflectivity] 
As manufactured 21.2 - 
Repaired S1 20.1 yes [40%  re-coated] 
Repaired S2 19.4 yes [40%  re-coated] 
Repaired S3 - yes [40%  re-coated] 
Repaired S4 20.1 yes [90%  re-coated] 
Repaired S5 21.1 no 
 
The flexural modulus of the as-manufactured coupons can be predicted using the bending 
theory considering uniform beam cross-section (see the Appendix 4A for more details) or finite-
element analysis (see details on section 4.6). Using bending theory, the predicted modulus was 
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found to be 21 GPa which is in good agreement with the experimental results. The FE results are 
shown later. 
4.3. Damage development and stiffness reduction in fatigue 
During fatigue loading, damage developed on the tensile face of the coupon. First, cracks grew 
along the bond-line (bond-line cracks) from the tensile side of the coupon towards the neutral 
axis in the resin-rich region between the repair patch and the overply. Also delamination cracks 
grew through at the interface between the overply and the scarf repair material. As will be seen 
below, delamination cracks grew away from the location of the bond-line cracks towards the 
centre of the specimen at the interface between the overply and the scarf repair. Figure 4.5 shows 
a schematic of a central cross-section through the specimen indicating the location of damage. 
The overply fracture is not possible to observe from the photographs taken during the fatigue 
testing; however, this is shown by microscopy of the repaired region later in this section. 
 
Figure 4.5: 
 
Schematic of the development of fatigue damage in the bond-line between the repair patch 
and the parent panel (large red arrows), and fatigue damage between the repair material and 
the overply (small green arrows); the through-thickness cracking of the overply, at the 
locations where the bond-line cracks intersect the overply, is shown in blue. 
 
Figure 4.6 shows a plan view of specimen 1 (S1) photographed after 2000 fatigue cycles from 
the tensile face of the specimen. Here, “lw” and “hw” refer to the low- and high-wavelength ends 
of the CFBG sensor. Figure 4.6 shows the bond-line cracks and the (overply) interface 
delamination quite clearly which initiated at the location of the circle labelled “1” on the tensile 
face. The concentric circles labelled “2” and “3” in the same figure shows that minor damage also 
occurred; at circle 2, a second overply interface delamination occurred on the compressive face of 
the panel and at circle 3, additional minor overply delaminations occurred on both the 
compressive and tensile faces of the repair. Also some matrix cracking is observed in the excess 
of resin from the repair on the surface. This region-rich region was formed due to the nature of 
the repair fabrication technique used (see Chapter 3, Section 3.2.3 for details). These cracks grew 
along the y direction as shown in Figure 4.6. 
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Figure 4.6: Photographs of the repaired region of specimen 1 (S1) after 2000 fatigue cycles, tensile face. 
 
The major damage of concern in these experiments is the bond-line damage and the overply 
delamination. Figure 4.7 shows an example of the development of both types of damage in the 
same specimen with further cycling, with images taken at 2000, 4000, 6000 and 8000 cycles. At 
the low-wavelength end of sensor, the overply delamination grows from about 2.6 mm (Figure 
4.7a - 2000 cycles) to about 3.2 mm (Figure 4.7d - 8000 cycles). At the same time, the damage in 
the bond-line between the scarf patch and the parent panel grows in the plan view of the 
photograph from 3.7 mm to 4.4 mm, representing a real crack growth in the plane of the bond-
line from 4.0 mm to 4.8 mm. Similar results are seen at the high-wavelength end of sensor, with 
overply delamination growth from about 2.3 mm to about 3.1 mm and bond-line crack growth 
from 4.4 mm to 5.2 mm in the plan view, representing a real crack growth of 4.8 mm to 5.6 mm 
(the scarf angle was 22°). Figure 4.7 shows the extent of damage in the bond-line and at the 
overply interface between 2000 and 8000 cycles and it is clear that between 2000 and 8000 cycles, 
the damage has grown both circumferentially (as shown by the dashed white line in the figure) 
and in the radial direction (red and green arrows). Damage at circles 2 and 3 (as identified in 
Figure 4.6) has become more pronounced with increasing fatigue cycles. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.7: Photographs of the repaired region of specimen S1, tensile face. Damaged coupon after (a) 
2000, (b) 4000, (c) 6000 and (d) 8000 fatigue cycles. 
 
To assess the repeatability of the damage development, a number of specimens were tested. 
Figure 4.8 shows photographs of the fatigue damage developed in specimen S2 after 2000 and 
8000 fatigue cycles. As observed previously for specimen S1, the damage development is 
normally slightly different on each side of the repair. Figure 4.7d and Figure 4.8c show the 
reproducibility of the damage. Figure 4.8b and Figure 4.8c also shows the minor fatigue damage 
at concentric circles 2 and 3; it is believed that damage at these locations does not cause a major 
impact on the specimen flexural properties. Photographs of damage development in additional 
specimens (S3, S4 and S5) can be found in the Appendix 4B; these images show similar damage 
development features as for S1 and S2. 
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(a) 
 
 
(b) 
 
(c) 
Figure 4.8: Photographs of the repaired region of specimen S2, tensile face. (a) Undamaged repair and 
damaged repair after (b) 2000 and (c) 8000 fatigue cycles. 
 
The two types of damage, bond-line crack and overply delamination, can be seen in Figure 4.9 
which shows a cross-section of the specimen S4 after being fatigue loaded to approximately the 
same damage extent as specimen S1 in Figure 4.7d (after 8000 cycles). The machined scarf face 
can be clearly seen as a straight diagonal line running from bottom left to top right, and the 
location of the overply beneath the repair is indicated. 
The fracture of the overply and the initiation of the bond-line crack may have occurred 
simultaneously. This was then followed by crack growth in the bond-line (i.e. resin-rich region). 
Figure 4.9 shows that the bond-line crack grows in a “zigzag” pattern between the scarf patch 
dropped plies and the machined scarf face of the parent panel. This “zigzag” pattern is due to the 
scarf patch dropped plies. Also, the overply delamination crack grows at the interface of the scarf 
patch and the overply. 
y
x
Machined face/bond-line
Sensor
20 mm
Strain gauge
Strain gauge
Boundary of  an overply
y
x
20 mm
hw end lw end hw end lw end
y
x
20 mm
  
  Chapter 4. Damage Detection in GFRP/GFRP Scarf Repairs 
 
73 
 
 
 
 
Figure 4.9: A’-A’’ cross-section microscopy of specimen 4 (S4) – schematic not to scale. 
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Figure 4.10 shows plots of the average bond-line crack length and the average overply 
delamination growth as a function of the number of cycles for specimens S1 to S5. The bond-line 
crack lengths are the actual lengths along the centre line of the specimen (i.e. where the bond-line 
crack has its longest length) parallel to the bond-line (i.e. not the projected lengths). The damage 
lengths shown in this figure are the averages of the crack lengths measured at each side of the 
repair (corresponding to the low- and high-wavelength ends of sensor). It can be seen that for the 
two different types of damage, the fatigue damage growth is higher in the first 2000 cycles than it 
is subsequently and the growth rate of both types of damage decreases with increasing number of 
cycles. The bond-line crack shows a growth rate of about 4 µm/cycle initially, reducing by about 
a factor of 20 to about 0.2 µm/cycle at 8000 cycles; this large reduction in growth rate is due to 
the approach of the bond-line crack to the neutral axis of the specimen, so that the local stresses 
are reducing. The overply delamination growth reduces from about 0.8 µm/cycle initially, to 
about 0.1 µm/cycle at 8000 cycles. This reduction is due the bond-line crack growth which leads 
to local stresses reduction. 
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(a) 
 
 
 
(b) 
Figure 4.10: Damage evolution with increasing fatigue cycles for different specimens: (a) the bond-line 
crack; (b) the overply delamination. 
 
The flexural stiffness of the damaged specimens was also measured as a function of the 
number of fatigue cycles by interrupting the fatigue tests and loading the coupon statically in 
four-point bending to 1 kN. As before, the flexural stiffness could be derived from the strain data 
(measured by the strain gauges) using Equation 4.1; this is shown plotted as a function of the 
number of cycles in Figure 4.11 for specimens S1 to S5. As the data shows, there was no initial 
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modulus measurement for specimen S3 and the strain gauges of S2 and S4 failed after 2000 cycles 
and 4000 cycles respectively. 
The results suggest that from 0 cycles to 500 cycles there was a significantly larger drop in the 
flexural stiffness than subsequently (approximately 1.6 GPa or 8%). Microscopy of S4 after 8000 
cycles in Figure 4.9 shows the fractured overply, and the early large reduction in the modulus may 
be related to the fracture of the overply. Subsequently, the rate of modulus reduction is smaller, 
especially for the higher numbers of cycles. 
 
 
Figure 4.11: Flexural stiffness reduction with increasing fatigue damage growth when loaded at 1 kN. 
 
The change in the flexural stiffness with testing is a consequence of the damage developed in 
the repaired specimen. As has been indicated above, this damage consists of the bond-line 
cracking, the overply delamination and the through-thickness fracture of the overply. However, it 
appears reasonable to assume that the bond-line cracking is the major contributor to the stiffness 
reduction and hence a plot of stiffness against average bond-line crack length is shown in Figure 
4.12 for specimens S1 to S5. The data for these specimens are in reasonable agreement and show 
a linear trend line for the flexural stiffness reduction obtained from linear regression analysis 
(least squares). For all the specimens, a bond-line crack length of about 5 mm corresponds to a 
loss in flexural stiffness of about 20%. As noted above, the overply delamination and the 
through-thickness overply fracture will also contribute to this reduction. 
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Figure 4.12: Comparison between flexural stiffness and bond-line crack length for specimens 1 to 5: 
average values have been used from the low-wavelength-end and high-wavelength-end 
crack lengths. 
 
In the next section, the use of the CFBG sensor to detect damage development in the scarf 
repair is investigated. In preliminary experiments (using re-coated sensors with 40% and 90% 
reflectivity) the results were inconclusive. This was due to a combination of factors, including 
debonding along the 250 µm diameter sensor, an overply with the same thickness as the diameter 
of the CFBG sensor length and the sensitivity of the sensor. In order to overcome these issues, 
sensors with 70% reflectivity which were not re-coated, having a diameter of 125 µm were found 
suitable (the results are presented in the next section). Overplies of 70 mm diameter were also 
used (instead of 60 mm diameter) to ensure that the sensor was fully embedded within the repair 
without significant change on the flexural modulus. 
4.4. Experimental optical results 
4.4.1. Static results 
 
A schematic of the centre-line of the specimen, showing the location of the sensor in relation to 
the scarf repair, is shown in Figure 4.13. The sensor was embedded within the interface between 
the 70 mm diameter overply and the coupon, and the spectra were recorded before embedding 
the sensor (original spectrum), and then after embedding the sensor and for three different 
loading conditions: when the specimen was (i) unloaded and then loaded at (ii) 0.5 kN and (iii) 1 
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kN. The 60 mm sensor length extends 20 mm each side of the scarf patch/parent panel 
interfaces which are at “A” and “B”. 
 
Figure 4.13: Schematic of the edge view of the specimen along the centre line of the coupon. 
 
As mentioned above, CFBG sensors having 70% reflectivity and not re-coated were 
embedded within the repaired region during the repair of specimen 6 (S6) and specimen 7 (S7). 
Figure 4.14 shows the reflected spectra for the different loading conditions for specimens S6 and 
S7, with each spectra shifted +10 dB with respect to its neighbour for clarity. 
In Figure 4.14, it can be seen that the original spectra (before the sensor was embedded) 
extended from about 1540 nm to 1560 nm for both sensors. When the sensors were embedded, 
the reflected spectrum shifted about 0.77 nm (measured at full width at half maximum) to lower 
wavelengths. This shift is related to the compressive strains as a consequence of the specimen 
(and sensor) cooling from the lock-on temperature of the adhesive at 102 °C [5] to room 
temperature (21 °C). The coefficient of thermal expansion of the GFRP composite coupon is 
greater than the sensor, so that when the sensor is bonded to the composite coupon at 100 °C 
and then the temperature reduces to room temperature, the composite contracts more than the 
sensor and hence the sensor is put into compression. The compressive strain decreased the 
sensor’s grating period, shifting the spectrum to lower wavelengths. The wavelength-strain ratio 
for CFBG sensors is about 1x10-3 nm/µε [89]. Therefore, a wavelength of 0.77 nm indicates a 
compressive strain of 770 µε. 
In addition to this small locked-in strain, the spectra for the embedded sensors show two 
perturbations at “A” and “B”. At these locations, the sensor is no longer bonded between two 
GFRP entities (the parent panel/scarf patch and the overply) but there is a resin-rich region at 
the scarf bond-line. The resin has a higher coefficient of thermal expansion than either the 
composite or the sensor, so that very local to the scarf bond-line, the grating spacings will be put 
further into compression, leading to the two small perturbations at “A” and “B”. 
When the specimens were loaded at 0.5 kN, the spectrum shifted to higher-wavelengths and 
for a load of 1 kN, the spectrum shifted by a total of 4.31 nm, which corresponds to about 4310 
µε. This value was in reasonable agreement with the average value of 4466 µε obtained by the 
strain gauges bonded to the surface of the specimens S1, S2, S4 and S5 (see in the Appendix 4C 
for details). The locations of the “A” and “B” positions in the spectra were still visible when the 
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specimen was loaded to 0.5 kN and 1 kN (i.e. “Aii” and “Bii”; and “Aiii” and “Biii” respectively) 
and remained in the same position relative to the spectrum. The scarf bond-lines at “A” and “B” 
were physically approximately 20 mm apart (see Figure 4.13), and the appearance of these 
locations in the spectra, approximately 7.3 nm apart, corresponds to these locations (the physical 
sensor length of 60 mm corresponds to a 20 nm reflected spectrum). An additional feature of the 
spectra was the increasing noise in the spectra as the load was increased. It should be noted that 
the sensor is embedded between two woven glass fabrics, with fabric surfaces which change from 
glass fibres to resin rich regions (due to the crimp of the fabric) over a distance of approximately 
4 mm. The sensor detects these local changes in stiffness, leading to small, local fluctuations in 
strain and an increasingly noisy spectrum. 
In Figure 4.14b shows the spectra for S7 which shows a similar spectra behaviour and shape 
to that of S6 being therefore in agreement. This shows evidence of repeatability of the spectra 
obtained from the undamaged specimens. 
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(a) 
 
 
 
(b) 
Figure 4.14:  Original sensor reflected spectrum and experimentally recorded reflected spectra of a 
repaired but undamaged specimens (a) S6 and (b) S7 at (i) 0 kN, (ii) 0.5 kN and (iii) at 1 
kN. 
 
4.4.2. Detection of damage development at the scarf repair due to fatigue 
damage 
 
The purpose of introducing the CFBG sensor into the scarf repair is to be able to detect fatigue 
damage, and its development at an early stage. Figure 4.15 shows an example of spectra taken 
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before testing and after 1000 fatigue cycles of testing for two different loading conditions.  The 
first indication of damage in the scarf repair is provided by the fracture of the sensor. By 1000 
cycles, the sensor had fractured at both locations at the intersection between the scarf repair 
bond-line and the overply (i.e. at positions “A” and “B” shown in Figure 4.13 and Figure 4.15) as 
a consequence of the high strain concentrations at those points. Figure 4.15a shows a comparison 
between the reflected spectrum for the unloaded embedded sensor before fatigue testing and the 
reflected spectrum after 1000 cycles. The drop in intensity in the reflected spectrum at locations 
“A” and “B” is a consequence of fracture of the optical fibre and this dramatic change in the 
spectrum is the first evidence that damage has occurred to the scarf repair. Figure 4.15b also 
shows the spectrum when the specimen was loaded to 1 kN, which accentuates the drop in 
reflected intensity at “A” and “B”. This is probably because the core of the fractured sensor 
becomes increasingly misaligned at the fracture points and hence less light is back-reflected. 
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(a) 
 
 
 
(b) 
 
Figure 4.15: Reflected spectra of specimen 6 (S6) after 0 cycles (undamaged) and 1000 fatigue cycles (1 
mm crack) – (a) unloaded and (b) loaded at 1 kN load. 
 
Evidence of the progression of bond-line damage during further fatigue loading is more 
subtle. Figure 4.17 shows the reflected spectra for S6 for increasing bond-line crack lengths, 
where only the initial part of the spectra is shown (i.e. up to “A”). The spectra plots are plotted 
using the moving average technique each twenty data point period for clear visualisation. Figure 
4.16 shows the original and averaged reflected spectrum after 1000 fatigue cycles for S6. Here it 
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shows that there is no major difference between them and some “noise” is eliminated. All the 
original plots can be found in the Appendix 4D. 
 
Figure 4.16:  Original and averaged reflected spectra of specimen 6 (S6) after 1000 fatigue cycles (1 mm 
crack) – at 1 kN load. 
 
The major change to the spectra with increasing fatigue crack length is that the high-
wavelength end of the reflected spectra after the optical fibre has fractured (i.e. reflections from 
position “A”) shift to lower wavelengths with increasing bond-line crack lengths as indicated by 
the arrow in Figure 4.17. Spectra for specimen S6, having bond-line crack lengths between 0.9 
mm (after 500 cycles) to 4.2 mm (after 8000 cycles) are shown, with the spectra taken each time 
with the specimen loaded to 1 kN. The high-wavelength end of the reflected spectrum shifted 
towards lower wavelengths 1.12 nm from 0.9 mm (after 500 cycles) to 4.2 mm (after 8000 cycles). 
Similar behaviour can be seen for specimen S7 (Figure 4.18). 
The shift towards lower wavelengths of the reflections at position “A” when the specimen is 
under load means that the local strains are reduced with increasing damage. This local reduction 
in strain as damage increases can be interpreted in terms of changes to fictitious “lines of force” 
as the crack grows. As shown earlier in the chapter, the damage is in the form of bond-line 
cracking and overply delamination. Figure 4.19 shows a visualisation of changes to the “lines of 
force” around a bond-line crack with increasing crack length, and a similar diagram could be 
drawn for the overply delamination (however, the bond-line cracking is almost twice the length 
of the overply delamination and consequently likely to be more significant). As the bond-line 
crack grows, the part of the sensor located at “A” is increasingly shielded from the applied load 
by the growing crack (shown by changes to the location of fictitious “lines-of-force”). 
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Consequently, the sensor is increasingly unloaded at position A, the grating spacings relax, and 
the reflected wavelengths shift to lower values. This shielding is investigated further in section 4.6 
with the FE modelling results. 
 
Figure 4.17: Experimentally recorded reflected spectra for different degrees of damage in specimen 6 
(S6), i.e. 0.9 ± 0.1 mm (after 500 cycles), 1.0 ± 0.1 mm (after 1000 cycles), 1.8 ± 0.1 mm (after 
2000 cycles), 3 ± 0.1 mm (after 4000 cycles), 4.1 ± 0.1 mm (after 6000 cycles) and 4.2 ± 0.1 
mm (after 8000 cycles) - at 1 kN load. 
 
 
Figure 4.18: Experimentally recorded reflected spectra for different degrees of damage in specimen 7 
(S7), i.e. 1.3 ± 0.1 mm (after 500 cycles), 1.5 ± 0.1 mm (after 1000 cycles), 2.7 ± 0.1 mm (after 
2000 cycles), 3 ± 0.1 mm (after 4000 cycles), 4.3 ± 0.1 mm (after 6000 cycles) and 4.4 ± 0.1 
mm (after 8000 cycles) - at 1 kN load. 
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Figure 4.19: Cross-sectional view of the bond-line crack growth showing a visualisation of the variation 
in the (fictitious) “lines of force” for different degrees of bond-line crack and overply 
delamination lengths. 
 
The wavelength shifts of the high-wavelength end due to damage growth seen in Figure 4.17 
and Figure 4.18 are plotted as a function of bond-line fatigue crack growth in Figure 4.20, 
showing an approximately linear trend of increasing wavelength shift with increasing bond-line 
crack length. 
 
Figure 4.20: Plot of the high-wavelength end shift of the spectra against the fatigue crack length. 
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4.5. Finite-element model generation for the scarf repair and 
damage 
4.5.1. Introduction 
 
The aim of the finite-element modelling (using Abaqus® 6.10 [79]) was to model the repaired 
coupons and to derive the strain distributions for subsequent input into the optical modelling 
(using Optigrating® v.4.2 [72]) in an attempt to understand the experimental results. 
 
4.5.2. FE model of the repaired specimen and damage 
 
The specimen was modelled using solid elements with orthotropic material properties. The 
mechanical properties used in the FEA models for the eight-harness GFRP laminate and the 
epoxy resin are shown in Table 4.2 and Table 4.3, taken from [80]. 
 
Table 4.2: GFRP laminate properties. 
E1 = 21000 MPa υ12 = 0.183 G12 = 3700 MPa 
E2 = 21000 MPa υ13 = 0.0305 G13 = 3500 MPa 
E3 = 8550 MPa υ23 = 0.075 G23 = 3500 MPa 
 
Table 4.3: Epoxy resin properties. 
E = 4000 MPa υ = 0.36 
 
 
Due to symmetry, just one quarter of the scarf repaired panel was modelled with symmetric 
boundary conditions at faces a and b as shown in Figure 4.21. The model was 132.5 mm long, 35 
mm wide and 4 mm thick. The FE models were produced based on the nominal dimensions of 
the real coupons. All the parts that comprise the model (i.e. the GFRP parent panel, the GFRP 
scarf patch, the epoxy adhesive layer forming the bond-line and both GFRP overplies) were tie 
constrained. Experimentally, as shown in Figure 4.9, the bond-line is not well-defined due to the 
ply drop-off. However, for the FE modelling, it has been assumed that the bond-line is a 200 µm 
strip, which is the approximate average dimension of the resin-rich regions between the scarf 
repair and the parent panel in Figure 4.9 and is also a typical adhesive thickness seen in bonded 
structures using the scarf repair technique [40]. The overplies were taken to be 0.25 mm thick and 
70 mm diameter, in agreement with the experimental dimensions. The model is loaded under 
four-point loading (as carried out experimentally) and two different loads were applied, i.e. 1 kN 
for the undamaged and damaged models and 0.5 kN just for the undamaged models. This load of 
0.5 kN was considered in order to replicate the results obtained in Figure 4.14. Since only one 
quarter of the coupon was modelled, the concentrated load F applied (as shown in Figure 4.21) 
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was of 250 N and 125 N, respectively. At the position of the outer roller, a simple support 
boundary condition was considered and at the position of the inner roller, a coupling constraint 
on the “z” direction at the point where the load was applied, was also created. This was to enable 
the concentrated load to be applied across the entire specimen width and replicate realistically the 
loading condition applied experimentally. 
 
Figure 4.21: Schematic of the FE model with no damage. 
 
The FE mesh of the undamaged model is shown in Figure 4.22. The mesh has been 
particularly refined (with elements being 0.04 mm long) along the position of the sensor 
embedded in the coupon (i.e. at the interface between the repaired region and the outer overply) 
for better accuracy in the results, and optimised throughout the remainder of the coupon for 
faster analysis. An assessment of the effect of the mesh size on the results was not necessary 
because of the need to have a very refined mesh along the position of the sensor. This enabled 
better strain resolution along the sensor to predict the reflected spectra shown in the next 
section. The detailed views of the bond-line in Figure 4.22 show this refined mesh in the repaired 
model. To obtain such mesh, a different set of partitions were created in order to allow obtaining 
a good element shape. This is particularly important when complex shapes are to be modelled. 
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Figure 4.22: General and detail view of the FE mesh. 
 
The exact geometry and location of the 20 mm position (i.e. position “A”) in respect to the 
0.2 mm thick bond-line is shown in Figure 4.23. The red lines (which correspond to the repair 
system interfaces) were taken from Figure 4.22. 
 
Figure 4.23: Bond-line schematic showing the 20 mm position. 
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The individual mesh of each part that forms the coupon is shown in Figure 4.24, where (a) 
corresponds to the parent panel, (b) to the adhesive layer, (c) to the scarf patch and (d) to the 
outer overply. The top overply mesh refinement was not as important as the bottom overply for 
the reason stated earlier. In most of the model, hexahedral elements were used; however 
tetrahedral elements were used in order to obtain a better mesh transition between the fine and 
coarse mesh or due to sharp edges for example. Quadratic (2nd order) elements were used across 
the entire mesh as these are much accurate than linear (1st order) elements. 
  
(a) (b) 
 
 
 
(c) (d) 
Figure 4.24: Individual mesh of the (a) parent panel, (b) adhesive layer, (c) scarf patch and the (d) 
bottom overply. 
 
Four FE models were also created with different bond-line crack lengths of 1.8, 2.5, 4.3 and 
5.1 mm. These crack lengths were obtained from preliminary experiments of the same repair 
system under the same loading conditions. In all of these models, the bond-line crack has been 
extended circumferentially and the through-thickness crack in the overply has been extended to 
the same extent as the bond-line crack. Figure 4.25 shows a schematic of a model having a crack 
length of 5.1 mm. In the FE model, the damaged area for the bond-line crack was based on 
experimental measurements of its shape using the photographs taken during the fatigue test; an 
example is shown in Figure 4.25a. This was possible because of the transparency of the GFRP 
laminate. Damage was created in the FE models by leaving untied the bond-line crack surfaces 
between the parent panel and the resin-rich region layer and also the through-thickness crack 
surfaces in the bottom overply (Figure 4.25b). Note that this model ignores the overply 
delamination shown in the schematic of Figure 4.5 in order to not complicate the FE models. 
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The validity of this assumption is discussed later (see section 4.6.5). The mesh for these models 
was kept identical to the previous model (undamaged) for consistency. 
 
(a) 
 
 
(b) 
 
Figure 4.25: Damaged surfaces as a consequence of bond-line fatigue crack of 5.1 mm: (a) example of 
specimen with damage; (b) 3D view of section modelled. 
 
4.6. FE and optical modelling results 
4.6.1. Introduction 
 
As indicated above, the FE modelling was used to derive the changes in the strain distribution as 
a consequence of the growth of the bond-line cracks, the expected modulus changes and to 
predict the changes to the reflected spectra.  
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4.6.2. Stress and strain redistribution as a consequence of the bond-line 
cracks 
 
In this section, the results of the stress analysis are discussed. Figure 4.26 shows the von Mises 
stress contours in a section of the parent laminate part of a repaired coupon for two different 
models, i.e. (a) undamaged and (b) damaged considering a bond-line crack of 2.5 mm and a load 
of 1 kN. In Figure 4.26a is indicated where the neutral axis and the maximum compressive and 
tensile stresses are located. As the distance from the neutral axis increases, the stress increases 
progressively as shown by the smooth change in colour. The maximum stress is then located at 
the maximum distance from the neutral axis (compressive at the inner side and tensile at the 
outer side). In Figure 4.26b shows similar plot for a cracked model. At the position of the crack, 
it can be seen that the stress field changes significantly. Two different stress hotspots are shown 
which correspond to newly created singularities. The tip of the parent panel is now of the same 
colour as in the neutral axis which indicates a significant stress relaxation due to the presence of 
the crack. Different levels of stress reduction are clearly seen by the different colour layers. It is 
also visible that the bond-line crack also causes the neutral axis to migrate towards the 
compressive face of the coupon. 
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(a) 
 (b) 
Figure 4.26: Undeformed FE model showing the von Mises stress contours in the parent laminate of an 
(a) undamaged and (b) damaged model (2.5 mm bond-line crack) – loaded at 1 kN. 
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Figure 4.27 shows the axial stress distribution along a path on the tensile face of the parent 
panel (at face a in Figure 4.21) considering a bond-line crack of 2.5 mm. It can be seen that there 
are two regions where the stress is constant (i.e. I and II) and a third where the stress varies 
significantly. The region I is characterised by being outside the region where the overply was used 
to reinforce the repair. This region shows the far-field stress of approximately 140 MPa. 
Calculations using bending theory can be used to give a good estimation of the stress in this 
region. Considering a uniform beam (i.e. no repair) of the same dimensions, subjected to a four-
point bending load of 1 kN (as shown in Figure 4.21), the stress calculated using this theory is 
134 MPa which is in good agreement the FE predictions. The transition from region I to region 
II, there is a sharp increase of the stress as expected due to the stress concentration formed with 
the sharp end of the overply. However, the magnitude of this maximum stress is dubious because 
of the numerical singularity (the stress tends to infinity as the mesh is refined). Just after this 
stress peak (still in the region II), the stress stabilises again at 100 MPa. This drop of stress is 
because of the presence of the overply which takes part of the stress from the parent panel. 
According to Figure 4.27, this should be around 40 MPa. By contrast, the second transition in 
region III is smooth before dropping to zero. This region is characterised by the presence of the 
bond-line crack and through-thickness overply crack which prevents the stress being transferred 
to this part of the parent laminate. 
 
Figure 4.27: Axial stress distribution in the parent panel considering a model containing a bond-line 
crack of 2.5 mm. 
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Figure 4.28 shows a screen shot of the axial strain contours of the undamaged FE model in 
the repaired region. It can be seen that the adhesive layer is the most strained material of the 
repaired system in this region, with a maximum axial strain of 0.015 (1.5%) on the compressive 
and tensile sides for an applied load of 1 kN. The GFRP material (parent panel, scarf patch and 
the overplies) is symmetrically strained about the neutral axis where the strain equals zero, of 
course. Figure 4.28 shows uniformly coloured strain layers. 
 
Figure 4.28: FE undeformed shape of the model without a bond-line or overply crack, at 1 kN load. 
 
Figure 4.29 shows a screen shot of the axial strain contours of the same model with a 2.5 mm 
bond-line crack, using strain interval contours which are the same as in Figure 4.28; the model 
also has an overply fracture extended 7.9 mm circumferentially, but no overply delamination. It 
can be seen that the strain field around the damage has changed significantly. New strain 
hotspots appeared at the end of the bond-line crack and also associated with the end of the 
circumferential crack. Strain shielding, i.e. a reduction in local strain, can also be seen due to the 
presence of damage. These strain changes will influence the strain field at the position of the 
sensor and, as a consequence, the reflected spectrum. This is discussed in section 4.6.5. 
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Figure 4.29: FE undeformed shape of the damage model containing a bond-line crack of 2.5 mm and 
overply fracture – at 1 kN load. 
 
Figure 4.30 shows a detail view of the damaged region of Figure 4.29 for better visualisation. 
The grey region of the strain hotspot indicates that the strain has gone beyond the 1.5% which is 
out-of-scale. In this figure, the crack opening of the bond-line crack and the overply crack can be 
seen more clearly. 
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Figure 4.30: Detail view of the damaged region in Figure 4.29 (deformed shape) – at 1 kN load. 
 
4.6.3. Stiffness reduction 
 
The FE models enabled the flexural modulus to be predicted. The experimentally measured 
flexural modulus of the repaired specimens was 21±1 GPa (see section 4.2) and the FE model 
provided a value of 20 GPa for the flexural modulus of the repaired specimen, which is in good 
agreement (see in the Appendix 4E for the FE details of the as-manufactured specimen model). 
The modelling also enabled the flexural stiffness to be predicted as a function of the bond-line 
crack length, including the overply crack, but excluding the overply delamination. Figure 4.31 
shows a comparison of the predicted and measured flexural stiffness as a function of bond-line 
crack length. The measured bond-line crack lengths shown in this figure are the same values as 
shown in Figure 4.12 and the experimental linear trend-line (obtained from linear regression 
analysis - least squares) is also shown here. FE predictions were made for bond-line crack lengths 
of 1.8 mm, 2.5 mm, 4.3 mm and 5.1 mm (based on the measurements made during the 
preliminary experiments of the same repair system and loading conditions). The predicted 
flexural stiffness is seen to be in reasonable agreement with the experimental values, although the 
experimental values are about 0.7 GPa lower than the predicted values. However, it should be 
noted that the overply delamination damage was not included in the FE modelling. 
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Figure 4.31: Experimental and predicted flexural modulus reduction as a function of bond-line crack 
length. 
 
4.6.4. Strain along the position of the sensor 
  
In order to predict the reflected spectra, it is necessary to extract the strains at the location of the 
sensor. The strain profile along the sensor position, derived from the FE modelling, for the 
undamaged scarf repair is shown in Figure 4.32, with an inset indicating schematically the two 
resin rich regions where the scarf repair bond-line meets the overply. Note that in this figure, the 
strain from the symmetric “quarter” FE model has been mirrored about the coupon centre to 
provide data along the entire sensor length of 60 mm. For a 1 kN applied load, the profile shows 
a uniform longitudinal strain value of about 4900 µε for most of the sensor length. However, at a 
distance of about 3.5 mm from the resin rich region, there is a rapid increase of strain up to 
about 12000 µε i.e. 1.2%, followed by a rapid drop in strain, which is a consequence of the 
presence of the low-modulus resin-rich region. Within the region of the scarf patch, the uniform 
strain is slightly lower than the uniform strain in the parent panel laminate. This is probably 
because of incomplete load transfer into the scarf-repaired region which lies between the two 
resin-rich regions. 
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Figure 4.32: Predicted strain profile of the undamaged model at 1 kN load. 
 
In order to establish the effect of different bond-line crack lengths (i.e. of 1.8, 2.5, 4.3 and 5.1 
mm) on the strain distribution along the physical position of the sensor, the longitudinal strain 
along the path at the physical position of the sensor was obtained from each FE model 
containing different bond-line cracks (Figure 4.25 shows a schematic of the model containing a 
5.1 mm bond-line crack). The overply delamination was not included in these models. Figure 
4.33 shows strain profiles along the sensor for different bond-line crack lengths for a bending 
load of 1 kN. For the smallest crack length of 1.8 mm, the strain level at 0 and 60 mm, as well as 
within the scarf region between “A” and “B”, are not very different from the undamaged model 
of Figure 4.32, with three major differences. First, the large strain peaks at “A” and “B” have 
been replaced by smaller peaks; second, the longitudinal strain now reduces to zero (as a 
consequence of the overply crack) and does not begin to increase until approximately 1 mm from 
the resin-rich region; third, the strain rises much more slowly to its maximum values at 0, 30 and 
60 mm.  As the bond-line crack length increases, the maximum values attained by the strains at 0, 
30 and 60 mm decreases, and the location where the strain begins to increase rapidly moves 
further from “A” and “B”. This is the consequence of the stress-shielding discussed earlier in the 
context of fictitious “lines of force” (section 4.4.2 and Figure 4.19) and also shown in section 
4.6.2 for the FE modelling results. It should be noted that these strain distributions at the 
location of the sensor are quite complex and it is to be expected that they will have a complicated 
effect on the reflected spectra. 
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Figure 4.33: Predicted strain profiles for increasing bond-line crack lengths for 1 kN applied load. 
 
4.6.5. Predictions of the reflected spectra 
 
4.6.5.1. Repaired coupons before fatigue 
 
To predict the reflected spectra, the longitudinal strains at the physical location of the CFBG 
sensor derived from the FE models were input to the software OptiGrating®. Figure 4.34 shows 
the predicted reflected spectra corresponding to loads of 0.5 kN and 1 kN for the repaired 
specimens without any fatigue damage. Here, the 1 kN reflected spectrum is shifted +5 dB for 
clarity relative to the 0.5 kN spectrum. The perturbations in the spectra at “Aii” and “Bii”, and at 
“Aiii” and “Biii” (as also shown in Figure 4.14), correspond to the positions of the high strains at 
the resin-rich regions of the scarf bond-line. 
It is interesting to note the similarities and differences between the predicted spectra and the 
experimental results shown in Figure 4.14. In Figure 4.14, at 0.5 kN, the dip in the intensity 
within the spectra at the location of “A” and “B” are followed by small perturbations in the 
spectra.  This is seen in the predicted spectrum of Figure 4.34, and more clearly when the load is 
increased to 1 kN, when the perturbations in the reflected spectrum after locations “A” and “B” 
look very similar to the experimental results. The lack of close agreement between the predicted 
spectra at “A” and “B” and the experimental results – where a single large dip in the spectra is 
observed - is probably the lack of FE model resolution in the region where the strains change 
rapidly in the vicinity of a perturbation the FE model. 
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With regard to the shift of the predicted spectrum to higher wavelengths when the load is 
increased from 0.5 kN to 1 kN, bending theory suggests an increase in longitudinal strain at the 
sensor location of 2240 µε (see in the Appendix 4F). Figure 4.34 also shows a predicted shift of 
2.16 nm to higher wavelengths, which correspond to a strain of 2160 µε which is in reasonable 
agreement. The spectra obtained experimentally (Figure 4.14) show a shift of about 2.25 nm shift 
to higher wavelengths, which corresponds to a strain of 2250 µε. Consequently, predictions and 
experimental measurements are all in reasonable agreement. 
 
 
Figure 4.34: Predicted reflected spectra for undamaged (repaired) panel loaded at 0.5 kN and 1 kN loads. 
 
Figure 4.35 shows the spectrum for a sensor broken at position “A” as a consequence of the 
through-thickness overply cracking discussed earlier. As a consequence of this cracking, the new 
sensor length can be considered to be 20 mm and spectral bandwidth of about 6.7 nm (i.e. a third 
of the original bandwidth) when unstrained or uniformly strained. The spectrum of such 20 mm 
sensor is shown in Figure 4.35 for a bond-line crack of length 1.8 mm, together with the 
undamaged spectrum for a 60 mm sensor. The 20 mm predicted spectrum obtained from 
Optigrating® was obtained using the FE strain distribution from 0 to 20 mm shown in Figure 
4.33. 
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Figure 4.35: Predicted reflected spectra for the undamaged (60 mm sensor) and for a 20 mm sensor and 
a 1.8 mm bond-line crack, both at 1 kN load. 
 
Figure 4.35 shows that when the damage is modelled, the sensor spectral bandwidth reduces 
drastically from the breaking point “A” to a full width at half maximum value of about 4.4 nm. A 
simple approach would suggest that a 20 mm sensor should have a spectral bandwidth of about 
6.7 nm – i.e. 1/3 of the original spectral bandwidth. The reason for the smaller spectral 
bandwidth is related to the high degree of non-linearity in the strain distribution. 
In order to justify this suggestion, the predicted strain distribution along the physical position 
of the 20 mm sensor (considering a bond-line crack length of 1.8 mm) was reduced to 0.95, 0.75 
0.5, 0.1, 0.01 and 0.001 of its original value at each location along this length. Figure 4.36 shows 
the effect of this reduction on the predicted reflected spectra which are shifted +20 dB with 
respect to its neighbour, for clarity. Here, it can be seen that, as the strain distribution is 
progressively reduced – almost to the point of no strain distribution at all (i.e. an unloaded 
sensor) - the spectral bandwidth increases from about 4 nm (for the original spectrum) to about 
6.7 nm (99.9% spectrum) measured at full width at half maximum. This reinforces the suggestion 
that the high degree of non-linearity of the strain distribution causes the spectral bandwidth of 
the predictive spectrum (shown in Figure 4.35) to reduce significantly. 
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Figure 4.36: Predictive reflected spectra for a 20 mm sensor (with a 1.8 mm bond-line crack and loaded 
at 1 kN) for increasing reduction of the strain distribution. 
 
However, such reduction of the spectral bandwidth shown by the predicted spectrum is not in 
agreement with the experimentally observed spectral bandwidth of 7.5 nm (measured at full 
width at half maximum) as shown in Figure 4.17. Indeed, all of the measured spectral bandwidths 
for the 20 mm sensor with different lengths of bond-line crack are much larger than the 
predictions. 
The reason for the different spectral bandwidth between the predictive and measured 
reflected spectra may be related to a combination of the following points. 
1. The damage path (i.e. the bond-line crack) has not been modelled precisely because it 
was taken to be an ideal bond-line crack at the interface of the resin-rich region (or 
bond-line) and the parent panel. Experimentally, Figure 4.9 shows reveals the crack 
actually follows the end of the scarf patch dropped plies. In addition, an idealised 
overply circumferential fracture is used in the modelling (i.e. a perfect separation of 
the damaged surfaces), whereas it is possible that there may be some fibre bridging. 
This would enable some load transfer in this region which has not been modelled. 
2. No attempt has been made to model the complexity of the woven glass 8HS fabric 
reinforcement in the FE model so that the strain distributions predicted can only be 
considered to be an approximation. 
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4.6.5.2. Repaired coupons with fatigue damage 
 
As indicated above, during the experimental investigations the sensor in the fatigued specimens 
fractured at “A” and “B” as shown in Figure 4.13, and hence the reflected spectra could only be 
gathered for the first 20 mm of the sensor (up to “A”). Consequently, the spectra are only 
predicted for this length. 
In order to obtain less “noisy” predictive spectra and improve visualisation, these were 
obtained from Optigrating® based on 200 data points instead of 2000 points as for the spectra 
shown in Figure 4.34 and Figure 4.35. Figure 4.37 shows the spectra for a crack length of 1.8 mm 
based on 200 and 2000 points for comparison. Here it shows that there is no major difference 
between them and part of the “noise” is eliminated. 
  
 
Figure 4.37: Predictive reflected spectra with 1.8 mm bond-line crack length based on 200 and 2000 data 
points – at 1 kN load. 
 
Figure 4.38 shows the predicted reflected spectra for a sensor that has fractured at point “A” 
in a repaired coupon with a fatigue crack that has grown from 1.8 mm to 5.1 mm. Here the 
reflected spectra are shifted -10 dB for clarity relative to the 1.8 mm crack length spectrum. As 
can be seen in the figure, there is very little change in the low-wavelength end of these spectra. 
However, at the high-wavelength end, the reflected spectrum shifts from about 1551.2 nm for a 
1.8 mm bond-line crack length, to about 1549.4 nm for a 5.1 mm bond-line crack (i.e. 1.8 nm). 
This shift of the high-wavelength end of the spectrum to lower wavelengths is in agreement with 
the trend of the experimental data, as shown in Figure 4.17 and Figure 4.18. 
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The comparison of predictions and experimental measurements shows that the changes in the 
experimentally measured reflected spectra can be taken to give an indication of the growth of the 
bond-line crack, but that the actual crack length cannot be determined from comparison with 
predictions. It was considered possible that this discrepancy between prediction and experiment 
might be partially related to ignoring the existence of the experimentally-observed overply 
delaminations in the modelling. Hence, in the next section, the consequence of ignoring the 
overply delaminations is considered. 
  
Figure 4.38: Predicted reflected spectra for different real fatigue crack lengths: (a) 1.8, (b) 2.5, (c) 4.3 and 
(d) 5.1 mm - at 1 kN load. 
 
The high-wavelength shifts seen in Figure 4.38 of the high-wavelength end due to damage 
growth can now be plotted as a function of the fatigue crack growth. Figure 4.39 shows this plot 
and the linear trend-line. Also the measured results are plotted for comparison. Here, it can be 
seen that the slopes are considerable different. This illustrates that the perfect damage modelled 
does not reproduce accurately the real damage. Fibre bridging of the overply is possibly the cause 
of this discrepancy. 
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Figure 4.39: Plot of the high-wavelength end shift of the spectra against the fatigue crack length – 
predicted and measured. 
 
4.6.6. The effect of the overply delaminations on the strain distribution 
 
In order to check the impact of ignoring the overply delamination on the strain predictions along 
the sensor, an overply delamination was introduced into the FE model for a bond-line crack 
length of 2.5 mm as shown in Figure 4.40. Experimentally, the overply delamination had a length 
of approximately 1.3 mm, which is typical for this bond-line crack length. The mesh for this 
model was kept identical to the original model (i.e. when no overply delamination was present). 
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(a) 
 
(b) 
Figure 4.40: Damaged surfaces after a projected fatigue crack of 2.5 mm (after 4000 cycles): (a) example 
of specimen with damage; (b) 3D view of section modelled. 
 
Figure 4.41 shows the predicted strain profiles for the first 30 mm of the sensor without and 
with the overply delamination (a schematic of the section detail for the sensor is included). The 
results show that for the first 20 mm of the sensor length, the strain profiles overlap. It is only 
beyond 20 mm where there are differences in the strain distributions. Consequently, it is not 
expected that using the strain distribution from the FE model with the overply delamination will 
significantly change the results for the first 20 mm of the sensor length. 
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Figure 4.41: Predicted strain profiles along 30 mm of sensor considering a crack length of 2.5 mm with 
and no overply delamination – loaded at 1 kN. 
 
The strain profile from the model including the overply delamination was used to predict the 
reflected spectrum and compared with the original spectrum which did not include the overply 
delamination. Figure 4.42 shows that for the bond-line crack length of 2.5 mm, the reflected 
spectra are in good agreement and that the overply delamination does not affect significantly the 
optical predictions. 
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Figure 4.42: Reflected spectrum for the first 20 mm of the sensor length, from the low-wavelength end, 
considering a bond-line crack of length of 2.5 mm with and without an overply 
delamination of 1.3 mm – loaded at 1 kN. 
 
4.7. Concluding remarks 
Fatigue crack growth in a scarf-repaired transparent GFRP coupon has been observed for 
flexural fatigue in four-point bending. The specimens were fabricated from sixteen plies of eight-
harness satin glass-fibre fabric and epoxy resin and an artificial scarf repair was introduced, 
including overplies on both the compression and tensile faces of the specimen. Chirped FBG 
sensors were embedded between the overply and the coupon on the tensile face. 
During the fatigue loading, damage developed in the form of bond-line cracks within the small 
resin-rich region between the scarf patch and the parent panel on the tensile face of the coupon 
and a through-thickness fracture of the overply at the locations where the bond-line intersected 
with the tensile-face (or bottom) overply.  In addition, overply delaminations initiated from this 
location and grew between the overply and coupon. The rate of growth of the bond-line cracks 
was about 2.5 times higher than the overply delamination growth rate, although the bond-line 
crack growth rate reduced as the cracks approached the coupon mid-plane. 
Finite-element modelling of the damaged coupon was carried out using solid elements with 
orthotropic material properties. The stiffness reduction as a consequence of bond-line crack 
growth derived from the FE analysis was found to be in reasonable agreement with the 
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experimental measurements. Also, the inclusion of the overply delamination in one of the FE 
models, for the validation of the assumption that this would not change significantly the reflected 
spectrum, was performed. The analysis also showed that the impact of this delamination had a 
minimal impact on the flexural stiffness, i.e. less than a 0.1% difference. 
The reflected spectra from the embedded CFBG sensor clearly indicated the locations of the 
resin-rich regions after fabrication. Under fatigue loading, the sensor fractured when the bond-
line cracks developed from the location of the intersection of the scarf repair bond-line and the 
overply. This produced a dramatic change in the spectra which was a clear indication of fatigue 
damage in the scarf repair. Subsequent growth of the bond-line cracks in fatigue led to a shift in 
the high-wavelength end of the residual reflected spectrum (i.e. the spectrum from the remaining 
20 mm of the sensor which was still active). The finite-element modelling was used to predict the 
expected changes in the reflected spectra and the trend of the changes in the spectra was 
predicted correctly, although the experimental spectra showed smaller changes than were 
produced by the modelling (the addition of the overply delamination into the FE model did not 
alter this conclusion). Consequently, it can be said that growth of the bond-line cracks could be 
detected using the CFBG sensors, but an accurate determination of the current length of the 
cracks from the spectra was not possible. A qualitative explanation of the shift of the low-
wavelength end of the residual (20 mm) spectrum to lower wavelengths with increasing crack 
growth was provided in terms of stress shielding by the bond-line cracks. 
The geometry of the scarf repair involved a high degree of complexity for monitoring damage 
development in the repair. In the next chapter, a repair with a simpler geometry is considered. 
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5  
Damage detection in GFRP/GFRP 
patch repairs 
5.1. Introduction 
The present chapter presents the results obtained from chirped fibre Bragg grating (CFBG) 
sensors embedded within the bond-line of constant thickness GFRP patch repairs to detect 
initiation and growth of damage within the repair as a result of fatigue loading in four-point 
bending. Experimental results have been presented for the damage development and for the 
CFBG optical spectra fatigue loading. In order to fully characterise the damage mode, 
microscopy of sectioned specimens have also been performed. To reinforce the understanding of 
the experimental findings, FE and optical modelling have also been undertaken. Here, the 
experimental and the modelling results have been compared and discussed. Additional features 
have been observed on the predicted spectra which were investigated by additional modelling 
undertaken. Finally, concluding remarks have been made. 
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5.2. Specimen configuration and mechanical testing 
Four-point bending fatigue tests were performed in order to initiate and grow damage within the 
repair. The schematic of the repaired specimen subjected to this type of loading is shown in
Figure 5.1. As monitoring the initiation and growth of damage within the repair using embedded 
CFBG sensors is the primary focus of this study, it was important to be able to have consistent 
and stable damage growth. For this reason, the coupons were tested in four-point bending 
fatigue, where the crack could be grown gradually, in a controlled way. 
 
Figure 5.1: Schematic of the specimen subjected to 4-point loading. 
 
The details of the fabrication of the specimens and the mechanical testing have been described 
in detail in chapter 3 (sections 3.2 and 3.4). The schematic in Figure 5.2 shows the cross-section 
at the centre of the repair. It can be seen that the bending loads cause the upper half (above the 
neutral axis) of the specimen to be in compression and the bottom half (below the neutral axis) 
to be in tension. As a consequence, the sensor (which was embedded in the bond-line) was also 
subjected to tensile strain. 
 
Figure 5.2: Schematic diagram of the patch-repaired panel subjected to 4-point bending load (not to 
scale). 
 
Figure 5.3 shows a photograph of the plan view of the compressive face of a repaired 
specimen with a sensor and cross-section schematic for clarification. Due to the transparency of 
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the GFRP material, it is possible to see the complete bonded area showing the adhesive film 
(FM-73 OST) interface with the parent laminate and the sensor. The damage, which takes the 
form of a circular hole in the parent plate, can be clearly seen. 
 
Figure 5.3: Photograph of the compressive face of the repaired region of specimen 1 (S1) with no damage, 
(schematic not to scale). 
 
5.3. Damage development 
During fatigue loading, damage developed within the repaired region. Figure 5.4 shows 
photographs taken on the compressive face of specimen 1 (S1) for different degrees of fatigue 
damage. The transparency of the parent panel (GFRP laminate) enables the adhesive film (FM-73 
OST), the sensor and the damage formed at the ends of the patch to be seen. During the fatigue 
test, two damage fronts were observed within the repaired region. These fronts initiated in the 
patch extremities and grew towards the repair centre at different rates. These damage fronts 
extended in the radial direction (red line) and in the circumferential direction (dashed white line) 
as shown in Figure 5.4. Here, “lw” and “hw” refer respectively to the low- and high-wavelength 
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ends of the CFBG sensor. At the low-wavelength end of the sensor, the patch delamination 
grows from about 9.3 mm (Figure 5.4a) to about 13.6 mm (Figure 5.4d) in the radial direction 
between 2000 cycles and 8000 cycles. At the high-wavelength end of the sensor, the patch 
delamination grows from about 3.9 mm (Figure 5.4a) to about 8.7 mm (Figure 5.4d) radially 
between 2000 cycles and 8000 cycles. Further, no damage is visible around the machined cut-out. 
There is no underlying reason why damage should be more extensive at the low-wavelength end 
and this may just be due to a slight asymmetry in the load the patch experiences or some other 
geometric effect. Another aspect of the damage development visible in Figure 5.4 is that damage 
at the lower-wavelength end has grown uniformly. On the other hand, damage at the higher-
wavelength end has not grown uniformly especially close to the sensor (darker region within the 
damaged region) which suggests that delamination may have not occurred in this region. It is not 
very clear if the high-wavelength end of the sensor is within the lighter or darker region and 
therefore microscopy of the cross-section at the centre of this specimen is performed in the next 
section for clarification. 
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(d) 
 
Figure 5.4: Photographs of the repaired region of specimen 1 (S1), compressive face. Damaged coupon 
after (a) 2000, (b) 4000, (c) 6000 and (d) 8000 fatigue cycles. 
 
The photograph taken from the tensile side of specimen 1 after 8000 fatigue cycles shown in 
Figure 5.5 provides additional clarification on the location of damage. Here, it can be seen that 
the darker region around the sensor seen in Figure 5.4d at the high-wavelength end appears 
lighter in Figure 5.5 which suggests the presence of damage at the other interface (i.e. between 
the patch and the adhesive). Also, damage development in the circumferential direction is 
revealed, forming a well-defined shape (waxing- and waning crescent shape at the low- and high 
wavelength ends respectively) leading to uniform damage areas despite lying on different 
interfaces of the repair. However, the most important damage region is in the vicinity of the 
sensor as this has the most significant influence on the sensor strain. Also, Figure 5.5 confirms 
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that, at the low-wavelength end of the sensor, damage appears to have developed only at one 
interface (i.e. at the adhesive/parent panel interface seen in Figure 5.4d). 
 
Figure 5.5: Photograph of the repaired region of specimen 1 (S1) after 8000 fatigue cycles, tensile face. 
 
To assess the repeatability and stability of the damage mode and growth respectively, a second 
specimen (S2) was tested. Figure 5.6 shows photographs of the fatigue damage developed in S2 
after (a) 2000 and (b) 8000 fatigue cycles. As was seen for S1 in Figure 5.4, Figure 5.6 shows that 
damage in S2 initiated at both ends of the patch and grew radially towards the centre of the repair 
and circumferentially. This shows some degree of consistency. Within the damaged regions, 
similar features to S1 are observed however they differ in size and location from S1. The damage 
lengths at both ends indicated by the red arrows in Figure 5.6 show that this time damage grew at 
approximately the same rate. It is not completely clear from Figure 5.6 where the locus of 
damage is located in the vicinity of the sensor. At the low-wavelength end of the sensor, it 
appears that damage has been formed at the adhesive/patch interface (evidenced by the presence 
of the darker region around the sensor). However, at the high-wavelength end, this is not so 
clear. At the low-wavelength end of the sensor, the patch delamination grows from about 5.0 mm 
(Figure 5.6a) to about 9.6 mm (Figure 5.6b) radially between 2000 cycles and 8000 cycles. At the 
high-wavelength end of sensor, the patch delamination grows from about 4.3 mm (Figure 5.6a) 
to about 8.2 mm (Figure 5.6d) between 2000 cycles and 8000 cycles. 
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(a) 
 
(b) 
 
Figure 5.6:  Photographs of the repaired region of specimen 2 (S2), compressive face. Damaged coupon 
after (a) 2000 and (b) 8000 fatigue cycles. 
 
The photograph taken on the tensile side of specimen 2 after 8000 fatigue cycles is shown in 
Figure 5.7. Once again, the darker regions seen in Figure 5.6 become lighter in Figure 5.7 
indicating the locus of damage to lie on the adhesive/patch laminate interface. It can be seen in 
Figure 5.7 that damage has grown uniformly on both sides despite being at different interfaces. 
From both S1 and S2 photographs is not clear if damage initiated at both interfaces at the same 
location; however, this might have well occurred. 
 
Figure 5.7: Photograph of the repaired region of specimen 2 (S2) after 8000 fatigue cycles, tensile face. 
 
Figure 5.8 shows the plot of the average radial damage length (red arrows in Figure 5.4 and 
Figure 5.6) as a function of the number of cycles obtained for specimens S1 and S2. The damage 
lengths shown in this figure are the average values of the damage measured at each side of the 
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repair (corresponding to the low- and high-wavelength ends of sensor). The growth rates for the 
damage in specimens S1 and S2 are in good agreement, although the absolute values of average 
damage are dissimilar. After 2000 cycles, the growth appears to be linear at a rate of about 0.8 
µm/cycle, after a considerable growth rate reduction. The reason for this may be related to the 
fact that the stress ahead of the crack tip becomes more uniform. 
 
 
Figure 5.8: Damage evolution with increasing fatigue cycles for specimens 1 (S1) and 2 (S2). 
 
It is of great importance to characterise the damage geometry in these specimens in order to 
be able to understand how the reflected spectrum of the sensor is influenced by the adjacent 
strain field. In order to clarify the damage mode in both specimens, microscopical investigations 
were performed. In the next section, the microscopy of relevant cross-sections are presented and 
described. 
 
5.4. Microscopy 
The optical microscopy undertaken at the cross-section of each specimen (at the low- and high-
wavelength end of the sensor) is indicated in Figure 5.9 where the blue colour relates to the low-
wavelength (lw) end and the red colour to the high-wavelength (hw) end. 
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(a) 
 
(b) 
Figure 5.9: Schematic of the cross-sections analysed in specimen 1 (S1) and specimen 2 (S2). 
 
Figure 5.10 shows the micrographs at (a) the low-wavelength end (lw end) and (b) at the high-
wavelength end (hw end) of the sensor in S1 after 8000 cycles. The red line corresponds to 
damage developed in the GFRP laminate, the green line corresponds to damage developed in the 
adhesive film and the blue line corresponds to the fracture of the sensor. Finally, the dashed red 
line simply identifies the sensor. The zero position in Figure 5.10a corresponds to the beginning 
of the CFBG sensor (where the gratings actually started) which was 5 mm within the repair (i.e. 
from the patch edge). On the other hand, the 60 mm position in Figure 5.10b corresponds to the 
other end of the CFBG sensor, also 5 mm within the repair. Figure 5.10a shows that, at the low-
wavelength end of the sensor, a crack has grown in the parent laminate only, propagating close to 
the parent panel/adhesive interface and parallel to the 0° fibres for approximately 13 mm in the 
vicinity of the adhesive layer. After this, the crack has deflected into the parent panel and grew 
for further 6 mm. This is in agreement with observations made based on Figure 5.4d and Figure 
5.5. At the other end of the repair, cracks have developed in both the parent and patch GFRP 
laminate in a similar way and in the adhesive layer at the vicinity of the sensor. The sensor has 
also fractured, however this was not a reason for concern since it happened outside the gratings 
and the sensor was interrogated from the low-wavelength end. Damage may have initiated at the 
edge of the patch repair. At approximately 3 mm inside the repair, the crack in the vicinity of the 
sensor on the patch side fractured the sensor and switched to the other interface (with the parent 
laminate). The cracks developed have extended 8 mm and 12.5 mm in the patch and parent 
laminate respectively. 
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(a) 
  
(b) 
 
 
Figure 5.10: Cross-section microscopy photographs of specimen 1 (S1) at the (a) low-wavelength end and (b) high-wavelength end – after 8000 fatigue cycles.
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Figure 5.11 shows in a similar fashion for sensor S2, the microscopy photographs (a) at the 
low-wavelength end (lw end) and (b) at the high-wavelength end (hw end). The red line 
corresponds to damage developed in the GFRP laminate and the green line corresponds to 
damage developed in the adhesive. The dashed red line simply identifies the sensor. Figure 5.11a 
shows that, at the low-wavelength end of the sensor, a crack has grown in the patch laminate in 
the vicinity of the adhesive film, propagating parallel to the 0° fibres for approximately 8.5 mm. 
At the high-wavelength end of the sensor, cracks have developed in both the parent and patch 
GFRP laminate, and in the adhesive at both sensor interfaces as shown in Figure 5.11b. This 
looks similar to the damage formed at the high-wavelength end of S1 (Figure 5.10b). However, 
only a crack in the parent laminate has emerged from the interface damage and grown further 
into the repair. Within the CFBG sensor region, only this crack has developed which propagated 
parallel to the 0° fibres. The total damage extension at this end of the repair was approximately 
6.5 mm. 
Despite damage has developed in the different parts of the repair system, not every damage 
occurred is relevant to the sensor because it happens away from the gratings. Table 5.1 
summarises the damage location of relevance to the sensor. This will be used later for the 
interpretation of the recorded reflected spectra and, particularly, whether the sensor will be 
subjected to load for the various damage conditions. 
 
Table 5.1: Summary of the microscopy findings. 
                                       S1     S2 
Low-wavelength end Damage in the parent panel Damage in the patch 
High-wavelength end Damage in both the parent panel and the patch Damage in the parent panel 
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 (a) 
 (b) 
Figure 5.11: Cross-section microscopy photographs of specimen 2 (S2) at the (a) low-wavelength end and (b) high-wavelength end – after 8000 fatigue cycles.
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5.5. Experimental optical results 
5.5.1. Quasi-static results 
 
A schematic along the centre-line of the specimen showing the location of the embedded sensor 
is shown in Figure 5.12. The 60 mm gauge length CFBG sensor was embedded in the bond-line 
(i.e. in the adhesive) but adjacent to the parent laminate. A pre-cured 70 mm diameter patch was 
used for the repair. The reflected spectra were recorded before embedding the sensor (original 
spectrum) and then after embedding for three different loading conditions, i.e. when the 
specimen was (i) unloaded, (ii) loaded at 0.5 kN in bending and (iii) loaded at 1 kN in bending. 
The 60 mm sensor extends 20 mm each side of the machined hole which are at “A” and “B” in 
Figure 5.12. 
 
 
Figure 5.12: Schematic detail of the centre-line of the repaired region at the high-wavelength and of the 
cross-section A’-A’’. 
 
An uncoated CFBG sensor with a reflectivity of 70% was embedded within the repaired 
region during the repair fabrication of specimen 1 (S1) and specimen 2 (S2). Figure 5.13 shows 
the original reflected spectrum of each CFBG sensor (before embedding) and the reflected 
spectra (after embedding) measured from S1 and S2 loaded statically in bending. Each reflected 
spectrum has been shifted +10 dB from the previous spectrum for better visualisation. 
In Figure 5.13a, the reflected spectrum from the embedded (no load) shifted about 0.95 nm 
(measured at the low-wavelength end) to lower wavelengths with respect to the original spectrum 
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(before the sensor was embedded). This shift is related to the compressive strains formed during 
the cooling stage of the curing of the adhesive at a temperature of 120 °C of the repair to room 
temperature (21 °C). The coefficient of thermal expansion of the FM-73 OST adhesive film and 
the GFRP parent laminate are greater than the glass fibre sensor, so that when the sensor is 
bonded to the adhesive at 120 °C and then the temperature reduces to room temperature, the 
adhesive and GFRP composite contracts more than the sensor and hence the sensor is put into 
compression, shifting the spectrum to lower wavelengths. The wavelength-strain ratio for CFBG 
sensors is about 1x10-3 nm/µε [89]. Therefore, a wavelength shift of 0.95 nm indicates a 
compressive strain of 950 µε. The magnitude of the locked-in thermal strain can be estimated 
using a simple closed-form, one dimensional approach [90]. This gives 820 µε which is in 
reasonable agreement with the 950 µε measured from the CFBG sensor (see in the Appendix 5A 
for more details). In addition to this small locked-in strain, the spectra for the embedded sensor 
show two perturbations at “A” and “B”. At these points there was a strain gradient caused by the 
missing GFRP which had been removed between these two points (the circular hole). The strain 
field in the vicinity of the sensor changed due to a transition from “parent 
laminate/adhesive/patch laminate” to just “adhesive/patch laminate” – see Figure 5.12). When 
the specimen was loaded at 0.5 kN, the entire spectrum shifted about 1.27 nm to higher-
wavelengths because the sensor experienced tensile strain. This shift corresponds to about 1270 
µε. However, the position of the perturbations “A” and “B” have shifted by a much smaller 
amount because the strain changes near these locations is much smaller due to the removal of the 
material of the hole in the parent laminate. The perturbations “A” and “B” were physically 
approximately 20 mm apart (see Figure 5.12), and the appearance of these locations in the 
spectra, approximately 20 nm apart, corresponds to these locations. When the specimen was 
loaded at 1 kN, the spectrum shifted a further 1.04 nm (i.e. 1040 µε) to higher-wavelengths. 
However, this time, the shift is not of the same magnitude as seen with the 0.5 kN load spectrum. 
This means that, despite the load being doubled, the strain has not increased in the same 
proportion. The reason for this is not well understood. 
Figure 5.13b shows the spectra measured from S2 which exhibits similar behaviour and shape 
to that of S1. This provides evidence of good repeatability of the spectra obtained from the 
undamaged specimens. Unfortunately, the 1 kN spectrum is not shown for this specimen due to 
a problem encountered in the file where this data was saved. However, the good degree of 
repeatability shown by the spectra of both specimens provides a good degree of confidence that 
the 1 kN spectrum from S2 would look like and behave similarly to the 1 kN spectrum from S1. 
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(a) 
 
 
(b) 
Figure 5.13: Original sensor reflected spectrum and experimentally recorded reflected spectra of a 
repaired but undamaged specimens (a) S1 and (b) S2 at (i) 0 kN, (ii) 0.5 kN and at (iii) 1 kN. 
 
5.5.2. Detection of damage development in the patch repair due to fatigue 
damage 
 
The aim of embedding a CFBG sensor into the patch repair is to show its ability to monitor the 
damage initiation and growth. Figure 5.14 shows the reflected spectrum recorded before the start 
of the fatigue test (undamaged specimen) and the reflected spectra recorded during the fatigue 
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testing of S1. These recordings were performed after 500, 1000, 2000, 4000, 6000 and 8000 
fatigue cycles. The fatigue test was periodically interrupted in order for these recordings to take 
place and to photograph the specimen (see Figure 5.4 and Figure 5.5). All the spectra were 
obtained with the specimen being loaded quasi-statically at 0.5 kN. The spectra were shifted +5 
dB intervals on the intensity scale starting from the undamaged spectrum for better visualisation. 
Figure 5.14 shows that, with increasing fatigue damage, “A” and “B” (which correspond to the 
physical position of the sensor at 20 mm and 40 mm respectively shown in Figure 5.12) remain at 
the same wavelengths despite the presence of increasing damage. This shows that the strain 
between these points remained constant (as also observed in Figure 5.13). Figure 5.14 also shows 
that the damage initiation and growth at lower wavelengths of the sensor have changed the 
reflected spectra significantly. However, at higher wavelengths, no significant change has 
occurred. 
 
Figure 5.14: Experimentally recorded reflected spectra for different degrees of damage after from 500 to 
8000 fatigue cycles in specimen 1 (S1) loaded at 0.5 kN. 
 
Figure 5.14 shows that after 500 fatigue cycles, damage has already initiated as shown by the 
perturbation in the reflected spectrum at the low-wavelength end. This can also be seen in Figure 
5.15 which shows an expanded region of the low-wavelength end in Figure 5.14 for easy 
visualisation. This perturbation consists of two different features, i.e. a shift of 1.59 nm of the 
low-wavelength end to lower wavelengths measured from the base of the spectra (shown by 
arrow 1 in Figure 5.14) and the beginning of the formation of a region of low-intensity reflected 
light, the boundaries of which are identified by the dashed circles. The reason for this shift is 
because the damaged region was no longer transferring load between the parent panel and the 
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repair. Figure 5.4d and Figure 5.5 have shown that damage at the low-wavelength end of the 
sensor developed in the parent laminate which was confirmed by microscopy in Figure 5.10. As a 
consequence, the gratings at the low-wavelength end of the sensor relaxed, shifting the low-
wavelength end of the spectrum about 1.59 µm to lower values (equivalent to a strain of 
approximately 1590 µε) as the sensor remained bonded to the disbonding patch. This disbonding 
appears to be completed by cycle 1000, producing a new low-wavelength end of the spectrum as 
the subsequent reflected spectra were aligned at the same wavelength (dashed line). As the sensor 
remains bonded to the patch, the spectrum will not be the same as the original spectrum of the 
sensor. 
The disbonding grows from the low-wavelength towards the high-wavelength end of the 
spectrum with increasing fatigue cycling. The perturbation in the reflected spectra, indicated in 
Figure 5.15 as the region between the two small circles, gradually progresses towards higher 
wavelengths. This perturbation in the spectrum is caused by the non-uniform strains near the 
disbond front, and a similar progression of such a perturbation has been seen in previous work 
on the disbonding of bonded joints [85]; the spectra are predicted later in Section 5.7. 
At the high-wavelength end of the spectra shown in Figure 5.14, there are no major changes 
to the spectra although there is a small shift of the high wavelength end of the spectrum to higher 
wavelengths of about 1 nm over the 8000 cycles of the test. This shift is difficult to relate to the 
damage observed in Figure 5.4a-d which suggest that the patch immediately surrounding the 
sensor at the high-wavelength end has not disbonded, although the cross-section of Figure 5.10b 
suggests there is extensive cracking both at the patch/adhesive interface and cohesively within 
the parent panel. During fabrication, the sensor is compressed parallel to its length due to the 
higher coefficient of thermal expansion of the parent panel and the composite patch to which the 
sensor is bonded. Figure 5.10b seems to suggest that the two cracks (at the patch/adhesive 
interface and cohesively within the parent panel) have allowed the sensor to be relaxed at the 
high-wavelength end from the compressive strains caused by fabrication. 
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Figure 5.15: Expanded region of the low-wavelength end in Figure 5.14. 
 
For specimen S2, the changes to the spectra were slightly different. Figure 5.16 shows the 
reflected spectrum recorded before the start of the fatigue test and the reflected spectra recorded 
during the fatigue test of S2. Figure 5.16 shows that, with increasing fatigue damage, “A” and “B” 
have also remained at the same wavelengths (as also observed in the spectra of Figure 5.14 for 
S1). Furthermore, Figure 5.16 shows that damage initiation and growth at lower wavelengths of 
sensor have significantly changed the reflected spectra (however in a slightly different way as seen 
for S1). At higher wavelengths, a similar small change has occurred as in specimen S1 for the 
same reason that the sensor has become disbonded from both the patch and the parent panel. 
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Figure 5.16: Experimentally recorded reflected spectra for different degrees of damage after from 500 to 
8000 fatigue cycles in specimen 2 (S2) loaded at 0.5 kN. 
 
Figure 5.17 shows an expanded region of the low-wavelength end in Figure 5.16 for easy 
visualisation. At the low-wavelength end, in contrast to what was discussed earlier for the S1 
spectra in Figure 5.15, the spectra obtained from S2 (in Figure 5.17) do not exhibit the initial shift 
of the low-wavelength end to lower wavelengths. The reason for this is related to the fact that 
damage adjacent to the low-wavelength region of the sensor has this time grown in the patch (or 
at the patch/adhesive interface) and not in the parent panel as shown in Figure 5.11a. As a 
consequence, the sensor remains bonded to the parent panel and remains strained. In fact, the 
sensor was subjected to an additional strain because the reinforcement due to the patch was no 
longer present to take some of the load. The total shift of the low-wavelength end of the 
spectrum to higher wavelengths was about 2.81 nm (measured at the circles on Figure 5.17) and 
is indicated by the arrow in Figure 5.17. 
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Figure 5.17: Expanded region of the low-wavelength end in Figure 5.16. 
 
Table 5.2 and Table 5.3 show the patch disbond lengths measured at the low-wavelength end 
of the sensor for S1 and S2 respectively, during the fatigue test, where the disbond length is 
measured local to the sensor from photographs such as Figure 5.4a-d. 
 
Table 5.2: Measured crack lengths in specimen 1 (S1). 
Fatigue cycles Lw end crack length [mm] 
0 0.0 
500 6.0 
1000 7.7 
2000 9.3 
4000 10.8 
6000 12.4 
8000 13.6 
 
 
Table 5.3: Measured crack lengths in specimen 2 (S2). 
Fatigue cycles Lw-end crack length [mm] 
0 0.0 
500 2.7 
1000 3.7 
2000 5.0 
4000 6.6 
6000 8.3 
8000 9.6 
 
The wavelength shifts of the low-wavelength end due to damage growth seen in Figure 5.14 
and Figure 5.16 can now be plotted as a function of the fatigue crack growth. This is shown in 
Figure 5.18. Here, only damage at the low-wavelength end is considered since the sensor appears 
to have been effectively detached from both the patch and parent panel at the high-wavelength 
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end. This figure shows the correlation between the change in wavelength indicated by the 
movement of the circled regions at the low-wavelength end of the spectra and the actual patch 
disbond length (i.e. crack length) and for each 1/3 nm shift in the wavelength, 1 mm of debond 
growth has been measured in the photographs. Since the CFBG sensor has a spectral bandwidth 
of 20 nm for a sensor length of 60 mm (i.e. 1/3 nm for each 1 mm of sensor length), this shows 
that the shift in the wavelength recorded by the sensor corresponds to a measurement of the 
growth of the disbonding of the patch. 
Consequently, it can be said that CFBG sensors can be used for monitoring damage initiation 
and growth but only if the sensor is not debonded from both the patch and the parent panel.  
Consequently, this would be a source of concern if the sensor is to be used to monitor patches. 
 
Figure 5.18: Plot of the low-wavelength end shift of the spectra against the fatigue crack length 
measured from photograph. 
 
For the crack growing adjacent to the low-wavelength end of the CFBG sensor, Figure 5.19 
shows a comparison of the crack length measured from the reflected spectra shown in Figure 
5.14 and Figure 5.16 (for specimen 1 and specimen 2, respectively) against the crack length 
measured from photographs of specimen 1 and specimen 2 (e.g. from photographs such as 
shown in Figure 5.4 to Figure 5.7). It can be seen that there is good agreement between both 
crack length measurements for specimens 1 and 2 (the dashed line indicates perfect agreement). 
The increments of crack length are in good agreement for both cracks, although the absolute 
value of the crack length is consistently underestimated, by about 2 mm, for specimen 2. 
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Figure 5.19: Plot of the crack length measured from spectrum against the crack length measured from 
photograph for S1 and S2. 
 
5.6. Finite-element model generation for the patch repair and 
damage 
5.6.1. Introduction 
 
The aim of the finite-element modelling (using Abaqus® 6.10 [79]) was to model the repaired 
coupons and to derive the strain distributions for subsequent input into the optical modelling 
(using Optigrating® v.4.2 [72]) in an attempt to understand the experimental results. 
 
5.6.2. FE model of the repaired specimen and damage 
 
In order to be able to predict and further interpret the optical results, FE modelling was 
performed using Abaqus®. The coupon was modelled using solid elements with orthotropic 
material properties. The mechanical properties used in the FEA models for the eight-harness 
GFRP laminate and the FM-73 OST adhesive film are shown in Table 5.4 and Table 5.5 
respectively, taken from [80] and [91]. 
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Table 5.4: GFRP laminate properties. 
E1 = 21000 MPa υ12 = 0.183 G12 = 3700 MPa 
E2 = 21000 MPa υ13 = 0.0305 G13 = 3500 MPa 
E3 = 8550 MPa υ23 = 0.075 G23 = 3500 MPa 
 
Table 5.5: FM®-73 OST properties. 
E = 2000 MPa υ = 0.4 
 
Due to symmetry, just one quarter of the repaired panel was modelled with symmetric 
boundary conditions at faces a and b as shown in Figure 5.20. The model was 132.5 mm long, 35 
mm wide and 4 mm thick. All the parts that comprise the system model (i.e. the GFRP parent 
laminate, the GFRP patch laminate and the FM-73 OST adhesive film layer) were tie constrained. 
The bond-line, which consisted of two layers of the FM-73 OST adhesive film, was measured by 
microscopy to be approximately 0.2 mm thick between the parent laminate and the patch 
laminate. The pre-cured patch was considered to be 2 mm thick and 70 mm diameter (the same 
as the actual dimensions). The FE models were produced based on the nominal dimensions of 
the real coupons. A load of 0.5 kN was applied to the undamaged and damaged models. As only 
one quarter of coupon was modelled, the load F applied (as shown in Figure 5.20) was of 125 N. 
At the position of the outer roller, a simple support boundary condition was applied and at the 
position of the inner roller, a coupling constraint (providing equal displacement in the “z” 
direction relative to the point where the load was applied), was also created. This was to enable 
the concentrated load to be applied across the entire specimen width and replicate realistically the 
loading condition applied experimentally. 
 
Figure 5.20: Schematic of the FE model with no damage of the GFRP/GFRP patch repair. 
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The FE mesh of the undamaged model is shown in Figure 5.21. The mesh has been 
particularly refined (with elements being 0.04 mm long) along the position of the sensor 
embedded in the physical coupon (i.e. at the interface between the adhesive film and the parent 
laminate for better accuracy in the results, and optimised throughout the remainder of the model 
for faster analysis. Assessment on the effect of the mesh size on the results was obviated by the 
need to have a very refined mesh along the position of the sensor, required to provide high 
resolution strain along the position of the sensor to predict the reflected spectra shown in the 
next section. The detailed view of the bond-line in Figure 5.21 shows this refined mesh in the 
repaired model. To obtain such a mesh, a set of partitions were created in order to allow good 
element shapes to be obtained. This is particularly important when complex shapes are to be 
modelled, i.e. especially when damage is introduced. 
 
Figure 5.21: General and detail view of the FE mesh of the patch repair model. 
 
The individual mesh of each part that forms the coupon is shown in Figure 5.22, where (a) 
corresponds to the parent laminate, (b) to the adhesive layer and (c) to the patch laminate. In 
most of the model, hexahedral elements were used however tetrahedral elements were used in 
order to obtain a better mesh transition between the fine and the coarse mesh or due to sharp 
edges. Quadratic (2nd order) elements were used across the entire mesh. 
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(a) (b) 
 
(c) 
 
Figure 5.22: Individual mesh of the (a) parent laminate, (b) adhesive layer and the (c) patch laminate. 
 
Another six FE models were created, i.e. damaged models with different bond-line crack 
lengths of 6.1, 7.5, 9.2, 11.1, 12.5 and 13.7 mm. The symmetry in all of these models resulted in 
symmetric damage which has been modelled as being at the interface of the adhesive film and the 
parent laminate. This was based on damage seen in S1 at the low-wavelength end which occurred 
in the parent laminate in the vicinity of the sensor (as shown in Figure 5.10a). This assumption 
was found to be the most representative of the observed damage that would result in no further 
complications in the FE modelling. Damage at the low-wavelength end of specimen 1 (S1) was 
chosen because it was considered the simplest damage mode (i.e. damage only occurred at a 
single location and mode). Figure 5.23 shows a schematic of a model having a crack length of 
13.7 mm. The damaged area was modelled based on measurements of its shape using the 
photographs taken during the fatigue test, as shown in Figure 5.4. This was possible because of 
the transparency of the GFRP laminate. Damage was created in the FE models by leaving the 
bond-line crack surface between the parent panel and the adhesive film untied. The mesh for 
these models was kept identical to the undamaged model (Figure 5.21) for consistency. 
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(a) 
 
(b) 
Figure 5.23: Damaged surfaces after a fatigue crack of 13.7 mm (after 8000 cycles): (a) example of 
specimen with damage; (b) 3D view of section modelled. 
 
5.7. FE and optical modelling results 
5.7.1. Introduction 
 
As indicated above, the FE modelling was used to derive the changes in the strain distribution as 
a consequence of the growth of the bond-line cracks and from this, changes to the reflected 
spectra could be predicted. 
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5.7.2. Stress and strain redistribution as a consequence of the bond-line 
cracks 
 
In this section, the results of the stress analysis are discussed. Figure 5.24 shows the von Mises 
stress contours caused by the bending load in the parent laminate for two different models, i.e. 
(a) undamaged and (b) damaged considering a bond-line crack of 11.1 mm, for a load of 0.5 kN. 
Figure 5.24a indicates the stress hotspot which is located at the edge of the adhesive/patch 
(forming a numerical singularity). Here it can also be seen that the bonded region of the parent 
laminate is not as stressed as the unpatched region (i.e. top side of the parent laminate which is in 
compression) because part of the load is transferred to the patch via the adhesive layer. Figure 
5.24b shows a similar plot for the cracked model. Here it can be seen that the stress hotspot is 
now located at the crack tip of the disbond, forming a new numerical singularity. The 
introduction of the crack within the repair has increased the stress (tensile and compressive) in 
the parent laminate as shown by the extension of the green contour. The different levels of stress 
are clearly seen by the different colour contours. 
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(a) 
 
(b) 
Figure 5.24: Undeformed FE model showing the von Mises stress contours in the parent laminate of an 
(a) undamaged and (b) damaged model (11.1 mm bond-line crack) – loaded at 0.5 kN. 
 
Figure 5.12 shows the axial stress distribution along a path on the tensile face of the parent 
panel with a bond-line crack of 11.1 mm. It can be seen that there are two well defined regions, 
one where the stress is constant and the other where the stress varies significantly (i.e. I and II 
respectively). At the transition of these two regions there is a stress peak which corresponds to 
the newly-created numerical singularity at the crack tip. Therefore, the actual magnitude of this 
maximum stress is not meaningful and tends to infinity as the mesh is refined. Within the first 5 
mm of region I, there is no patch reinforcing the parent laminate. After this point and just before 
the stress start to increase due to the singularity, the stress is constant because the patch is not 
connected to the parent laminate due to the presence of the crack and so provides no load 
transfer in what is a constant moment region of the 4 point bend specimen. Within region II, the 
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stress drops from its maximum value (i.e. at the crack tip) to become zero at “A”. This stress 
drop in the parent laminate is related to the fact that the load has transferred away due to the lack 
of material at the centre of the parent laminate. As a consequence, the load has transferred away 
from the centre line through the parent laminate itself but also through other parts of the bonded 
patch. The parent laminate far-field (within region I) shows a stress of approximately 70 MPa. 
Simple hand-calculations using the bending theory can be used to give a good estimation of the 
stress in this region. Considering a uniform beam (i.e. no repair) of the same dimensions as the 
parent laminate, subjected to a four-point bending load of 0.5 kN (as shown in Figure 5.20), the 
stress calculated is 67 MPa (see in the Appendix 5B for details) which is in reasonable agreement 
with the FE predictions. 
 
Figure 5.25: Axial stress distribution in the parent panel considering a model containing a bond-line 
crack of 11.1 mm. 
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Figure 5.26 shows a screen shot of the axial strain contours of the undamaged FE model in 
the repaired region. It can be seen that the parent laminate is the most strained material of the 
repaired system, with an axial tensile strain of about 0.065 (6.5%) in the region close to the 
numerical singularity. At the far field of the parent laminate, the strain is symmetric about the 
neutral axis (where the strain equals zero) as shown by the uniform colour strain contours. 
However, the strain field in the bonded patch region changes due to the presence of the patch 
which takes part of the tensile strain in the parent laminate. 
 
Figure 5.26: FE deformed shape of the undamaged model – at 0.5 kN load. 
 
Figure 5.27 shows a screen shot of the axial strain contours (using the same contour range and 
view as in Figure 5.26 for direct comparison) of a damaged FE model (with an 11.1 mm crack in 
the bond-line) in the repaired region. It can be seen that the strain field in the repaired region has 
changed and that a new strain hotspot at the new numerical singularity has emerged. The 
presence of the crack caused the far-field strain (symmetric about the neutral axis outside the 
repaired region) seen in Figure 5.26 to be extended up to the crack tip. The reason for this is that 
the debonded patch in the vicinity of the crack does not carry any more strain. This strain field 
change due to the presence of damage causes the resulting reflected optical spectrum of the 
CFBG sensor to change as well. This is discussed in section 5.7.4. 
Strain hotspot
y
z
x
  
Chapter 5. Damage Detection in GFRP/GFRP Patch Repairs 
 
140 
 
 
 
 
Figure 5.27:  FE deformed shape of the damage model containing a bond-line crack of 11.1 mm – at 0.5 
kN load. 
 
Figure 5.28 shows a detailed view of the damaged region of Figure 5.27 for better 
visualisation. Here it can be seen that the strain hotspot at the crack tip causes a high level of 
tensile strain in the parent laminate and a high level of compressive strain in the adhesive layer 
(bond-line). These are both related to the presence of a numerical singularity at the tip of the 
crack. As illustrated in Figure 5.12, the sensor was embedded in the adhesive film and at the 
vicinity of the parent panel. Therefore, a path along the centre line of the physical position of the 
sensor (i.e. at 62.5 µm distance to the interface between the adhesive layer and the parent panel) 
was used to collect the strains. In Figure 5.28, the crack opening can be seen more clearly and the 
position of the sensor is shown. 
 
Figure 5.28: Detail view of the damaged region in Figure 5.27 – at 0.5 kN load. 
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5.7.3. Strain along the position of the sensor for Optigrating 
 
The strain profile along the sensor location, derived from the FE modelling, for the undamaged 
patch repair loaded at 0.5 kN is shown in Figure 5.29, with an inset indicating the bonded region 
schematically. Note that the strain from the symmetric “quarter” FE model has been mirrored 
about the coupon centre to provide data along the entire sensor. This profile shows a maximum 
strain of approximately 270 µε (0.027%) between points “A” and “B”. This maximum strain is 
reached at the centre of the repair decreasing to almost zero strain when approaching points “A” 
and “B”. At these points there is a step in the material thickness (due to the patch) and a 
numerical singularity which causes the strain perturbation. After passing these points towards the 
edge of the repair, the strain increases initially, and then is constant before increasing again 
reaching the maximum value of approximately 1040 µε (about 0.1%). 
 
Figure 5.29: Predicted strain profile of the undamaged model at 0.5 kN load. 
 
Figure 5.30 shows the strain profiles along the position of the sensor for different bond-line 
crack lengths for a bending load of 0.5 kN. Here it can be seen that between “A” and “B”, there 
has been very little strain change from the undamaged model shown in Figure 5.29 to the 
damaged models shown in Figure 5.30. However, between these points and their respective patch 
ends, the strain profile changes significantly due to the numerical singularity at the crack tip. First, 
the strain increases up to approximately 3100 µε (0.31%) and then decreases sharply to 
compressive values immediately after this strain peak. This sharp peak and trough are a result of 
the bi-material singularity. With an initial crack of 6.1 mm, the compressive strain reaches 8000 µε 
(0.8%) approximately. For increasing crack lengths, this decreases to 6100 µε (0.6%) 
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approximately. However, the actual magnitude of the FE strain values at the peaks and troughs is 
not physically significant because of the numerical singularity that occurs in this region. At this 
point, the stress tends to infinity as the mesh is refined. After this significant variation of strain, 
the strain decreases sharply to almost zero and keeps constant until the end of the sensor. As the 
bond-line crack grows, it can be seen that the perturbation peak and trough strain caused by the 
crack tip moves towards “A” and “B”, as indicated by the arrows in Figure 5.30. As a 
consequence, the strain at both ends of the strain profile remains low for decreasing distances to 
“A” and “B”. 
 
 
Figure 5.30: Predicted strain profiles for different damaged models at 0.5 kN load. 
 
5.7.4. Predictions of the reflected spectra 
 
5.7.4.1. Repaired coupons before fatigue 
 
To predict the reflected spectra, the longitudinal strains at the physical location of the CFBG 
sensor derived from the FE models were input to the software OptiGrating®. Figure 5.31 shows 
the predicted reflected spectra corresponding to loads of 0.5 kN and 1 kN for the undamaged 
repaired specimen. Here, the 1 kN reflected spectrum is shifted +5 dB for better visualisation 
relative to the 0.5 kN spectrum. The perturbations in the spectra at “A” and “B” (as indicated in 
Figure 5.29), correspond to the positions of material transition. The different appearance of the 
predicted spectra of the perturbations at “A” and “B” is not entirely clear but such fluctuations 
are sometimes observed when the strain changes rapidly in the vicinity of a perturbation and the 
FE model does not have sufficient resolution. Figure 5.31 also shows that when the FE model 
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was loaded at 1 kN, the reflected spectrum shifted 0.82 nm to higher wavelengths (measured at 
the low-wavelength end at half maximum) which correspond to an increase in strain of 820 µε 
(0.082%). This is in reasonable agreement with the spectra obtained experimentally for the same 
loading conditions, i.e. a measured value of 1.04 nm shift to higher wavelengths which 
corresponds to a strain of 1040 µε (0.1%). Figure 5.31 shows that “A” and “B” are at the same 
wavelengths despite the load increasing from 0.5 kN to 1 kN. This is in agreement with the 
spectra obtained experimentally shown in Figure 5.13. The reason for this is that, at these two 
points, there is no significant strain change. As a consequence, the grating spacings do not change 
and the reflected wavelength is maintained. 
 
 
Figure 5.31: Predicted reflected spectra for undamaged (repaired) panel loaded at 0.5 kN and 1 kN loads. 
 
5.7.4.2. Repaired coupons with fatigue damage 
 
Figure 5.32 shows the predicted reflected spectra (obtained from Optigrating®) for a repaired 
undamaged coupon model and for repaired and damaged coupon models with bond-line crack 
lengths from 6.1 mm to 13.7 mm loaded at 0.5 kN. Here, the reflected spectra are shifted by 30 
dB on the intensity scale from the undamaged spectrum for better visualisation. The 
perturbations at “A” and “B” are related to the 20 mm and 40 mm position along the sensor 
(which correspond with the ends of the parent laminate cut-out). These are also shown by the 
experimental optical results in Figure 5.14 and Figure 5.16. Also, with increasing crack length, 
these perturbations remain at the same wavelength. 
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At the lower wavelength end of the spectra, the same spectra behaviour as shown in Figure 
5.14 for specimen 1 (S1) can be seen i.e. the low-wavelength end of the sensor is relaxed when 
the patch disbonds, and a perturbation moves to higher wavelengths as the damage grows. This 
shows that the predicted and the measured spectra are qualitatively in good agreement for the 
situation where the disbonding crack grows between the parent panel and the adhesive layer (as 
shown in Figure 5.10a). Figure 5.32 shows that after a crack length of 7.5 mm, shifting 0.97 nm 
(970 µε), the perturbation has grown sufficiently to reveal the new low-wavelength end of the 
sensor; this is in good agreement with the disbond growth corresponding to Figure 5.14 where a 
disbond length of 7.7 mm (after 1000 cycles) reveals the new low-wavelength end of the sensor. 
With increasing crack lengths in the predicted spectra, this new low-wavelength end stays at 
the same wavelength and a perturbation moves gradually to higher wavelengths with increasing 
disbond growth, as in the experimental results. 
The effect of such a disbond at the higher wavelength end of the spectra is quite different, as 
Figure 5.32 shows, and not as clear. At the high-wavelength end, the disbond of the patch initially 
appears to shift the high-wavelength end of the spectrum to higher wavelengths, but then this 
changes position as a perturbation in the spectrum moves towards the lower wavelength end of 
the spectrum. Neither of these changes is as clear as the changes at the low-wavelength end of 
the spectrum, and this is in agreement with the experimental results for both specimens S1 and 
S2. 
 
Figure 5.32:  Undamaged and damaged predicted reflected spectra for different crack lengths: (a) 6.1, (b) 
7.5, (c) 9.2, (d) 11.1, (e) 12.5 and (f) 13.7 mm - at 0.5 kN load. 
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The low-wavelength shifts of the region of low-intensity reflected light seen in the measured 
spectra (shown in Figure 5.14 for specimen 1) and in the predicted spectra (shown in Figure 5.32) 
can now be plotted against bond-line crack length. These shifts were measured using the right 
hand dashed circles. Figure 5.33 shows this plot and the corresponding linear trend-line (obtained 
from least squares linear regression analysis). The reason for only plotting specimen S1 in Figure 
5.33 is because the predictions are for disbonding between the parent panel and the adhesive (the 
disbonding location for specimen S2 is treated in the next section). In this figure it can be seen 
that there is a good agreement between the slopes of both trend-lines (i.e. approximately 3 
mm/nm). This illustrates that the idealised damage modelled at the low-wavelength end does 
represent, with a reasonable degree of accuracy, the real damage. The comparison of predicted 
and experimental measurements shows that the changes in the experimentally measured reflected 
spectra can be taken to give an indication of the growth of the bond-line crack. Furthermore, the 
actual crack length can be determined by comparison with the predicted values. However, it is 
clear that evidence of disbonding of the patch is less likely to be observed for the high-
wavelength end of the sensor. 
 
Figure 5.33:  Plot of the low-wavelength end shift of the spectra against the fatigue crack length – 
predicted and measured (specimen 1). 
 
5.7.5. The effect of the damage location on the reflected spectrum 
 
In the modelling described earlier, it was considered that a crack at the interface of the adhesive 
film and the parent laminate represents the damage that occurred in the vicinity of the sensor of 
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different spectra was obtained at the low-wavelength end because damage occurred at the 
interface between the patch and the adhesive. In order to model this situation, check the validity 
of this assumption, damage was introduced into the FE model at the interface between the 
adhesive film and the patch laminate. 
Figure 5.34 shows the strain profiles of models containing a symmetric crack length of 11.1 
mm at these two different interface locations. Here, it can be seen that the strain is similar for 
most of the profile. However, at both ends, the strain profile is significantly different. The sharp 
peak and trough are no longer seen for the situation of a crack at the adhesive/patch interface 
but just a strain peak (of approximately 4350 µε) with a much smaller strain gradient. This is due 
to the fact that the bi-material singularity has been offset from the sensor. At either end of the 
patch, the strain reduces from this peak to approximately 3300 µε (0.3%). In the cracked region, 
the load is no longer being transferred to the patch. Simple hand-calculations using bending 
theory can be used to give a good estimation of the stress in this region. Considering a uniform 
rectangular beam (i.e. no repair) of the same dimensions and loading conditions, the strain 
calculated is 3190 µε (see in the Appendix 5B for details) which is in reasonable agreement with 
the FE predictions. The major strain change to the sensor is at both ends. 
 
Figure 5.34: Predicted strain profiles for an 11.1 mm crack models loaded at 0.5 kN load with different 
interface damage locations. 
 
Figure 5.35 shows the strain profiles along the sensor for different bond-line crack lengths for 
a bending load of 0.5 kN for the crack at the adhesive/patch interface. As the bond-line crack 
grows, it can be seen in Figure 5.35 that the highly strained region at both ends of the sensor 
increases by shifting towards “A” and “B” as indicated by the arrows in Figure 5.35. Also, the 
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strain peak generally decreases as the crack grows but, more importantly, the strain at the ends of 
the sensor remains constant after a crack length of about 11 mm. 
 
 
Figure 5.35: Predicted strain profiles for different damaged models at 0.5 kN load - considering damage 
at the interface adhesive/patch laminate. 
 
Figure 5.36 shows the predicted reflected spectra (obtained using Optigrating®) for an 
undamaged coupon model and for damaged coupon models with adhesive/patch bond-line crack 
lengths from 6.1 mm to 13.7 mm, loaded at 0.5 kN. Here, the reflected spectra are shifted by +30 
dB on the intensity scale from the undamaged spectrum for better visualisation. At the lower 
wavelength end of the spectrum, the spectra behaviour are in good qualitative agreement with the 
spectra shown in Figure 5.16 for specimen 2 (S2). However, for crack lengths above 11.1 mm, 
the low-wavelength stops shifting to higher wavelengths, probably because the predicted strain 
no longer changes in the FE predictions at the end of the sensor above this crack length. This is 
not in agreement with the experimental results where the low-wavelength end of the spectrum 
continues to move to higher wavelengths. 
Predicted changes at the high wavelength end of the spectra are again more subtle than at the 
low-wavelength end. The damage causes changes to the location of the high-wavelength end of 
the spectrum, but not in a consistent manner. A distinct and very localised perturbation is 
predicted to develop at a crack length of 9.2 mm, but this has not been observed in Figure 5.15. 
Again, it can be concluded that for this damage location, crack growth is easier to observe for the 
low-wavelength end of the CFBG sensor. 
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Figure 5.36: Undamaged and damaged predicted reflected spectra for different crack lengths: (a) 6.1, (b) 
7.5, (c) 9.2, (d) 11.1, (e) 12.5 and (f) 13.7 mm at 0.5 kN load - considering damage at the 
interface adhesive/patch laminate. 
 
The low-wavelength shifts of the region of low-intensity reflected light seen in the measured 
spectra (shown in Figure 5.16 for specimen S2) measured between the dashed circles and in the 
predicted spectra (shown in Figure 5.36) measured between the dashed circles, can now be 
plotted against bond-line crack length. Figure 5.37 shows this plot and the corresponding linear 
trend-line (obtained from least squares linear regression analysis). Here, only the predicted values 
up to a crack of 9.2 mm were plotted as the maximum crack length obtained at this end in 
specimen S2 was only 9.6 mm (see Table 5.3). Figure 5.37 shows that there is a reasonable 
agreement between the slopes of both trend-lines (again, approximately 3 mm/nm). This 
illustrates that the idealised damage modelled at the low-wavelength end reproduces the real 
damage with a reasonable degree of accuracy and that the shift in the spectrum is representative 
of crack growth. 
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Figure 5.37: Plot of the low-wavelength end shift of the spectra against the fatigue crack length – 
predicted and measured (specimen 2) - considering damage at the interface adhesive/patch 
laminate. 
 
5.8. Concluding remarks 
Fatigue crack growth has been observed in a patch-repaired transparent GFRP coupon under 
flexural fatigue in four-point bending. The specimens were fabricated from sixteen plies of eight-
harness satin fabric and epoxy resin and a hole was introduced to represent damage. A pre-cured 
patch fabricated from eight plies of the same material was bonded to the tensile face of the 
specimen using an aerospace-graded film adhesive. Chirped FBG sensors were embedded in the 
bond-line adjacent to the parent laminate on the tensile face. 
During the fatigue loading, individual or simultaneous damage developed within the repaired 
region at both ends of the patch. The growth rate of the bond-line cracks at the low-wavelength 
end of the sensor was similar between the different specimens (i.e. 0.8 µm/cycle) despite having 
different initial crack lengths. 
Finite-element modelling of the undamaged and damaged coupons was carried out using solid 
elements with orthotropic material properties. Also, the inclusion of the crack at a different 
interface (i.e. adhesive/patch) in one of the FE models, confirmed the assumption that the low-
wavelength end behaviour of specimen 2 would not create the low-intensity region in the 
reflected spectrum but would only induce a shift of the low-wavelength end to higher 
wavelengths due to the increase of strain in the vicinity of the crack along the sensor position. 
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The reflected spectra from the embedded CFBG sensor clearly indicated the locations of the 
parent laminate cut-out. Under fatigue loading, the sensor embedded in this repair system did not 
fracture. When interrogated from the low-wavelength end (previous work has shown that 
interrogating the sensors from the low-wavelength end is preferable [5]), damage developed in 
the repaired region produced a dramatic change in the low-wavelength end of the spectra. When 
damage initiated, the low-wavelength end shifted to lower wavelengths and subsequent growth of 
the bond-line cracks in fatigue led to a formation of a low-intensity region of reflected light 
which shifted to higher wavelengths. However, at the other (high wavelength) end of the sensor 
no significant change occurred despite the presence of damage. The finite-element modelling was 
used to predict the expected changes in the reflected spectra. This was achieved qualitatively and 
quantitatively. Consequently, it can be said that growth of the bond-line cracks can be detected 
using CFBG sensors, and an accurate determination of the current length of the cracks from the 
spectra was achieved. A qualitative explanation of the shift of the low-wavelength end of the 
spectrum changes with increasing crack growth was provided in terms of strain field change 
caused by the bond-line cracks. 
In summary, it is clear that debonding of the patch repair can be monitored by the CFBG 
sensor, but clear results are only obtained at the low-wavelength end of the sensor. This suggests 
that to monitor a patch repair, a minimum of two adjacent sensors would be required, with the 
low-wavelength end of one sensor adjacent to the high-wavelength end of the second sensor.  
The geometry of the patch repair, although shown to be less complex than scarf repairs (seen 
in the previous chapter), still involved a degree of complexity when monitoring damage 
development in the repair. In the next chapter, a further patch geometry is considered in which 
the parent panel is an aerospace-graded aluminium alloy; the repair is a GFRP patch and it is 
loaded in tension-tension fatigue. 
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6  
Damage detection in Al/GFRP patch 
repairs 
6.1. Introduction 
The present chapter presents the results obtained from chirped fibre Bragg grating (CFBG) 
sensors embedded within the bond-line of GFRP patch repairs on an aerospace-graded 
aluminium alloy to detect initiation and growth of damage within the repair as a result of fatigue 
loading in tension-tension. An initial central notch (11 mm long and 1 mm wide) was introduced 
in the aluminium panel and cracks were initiated from both ends of this notch towards the sides 
of the panel. This allows the CFBG sensor to be removed from the damage unlike in Chapters 4 
and 5 where damage grew along the sensor. Also, the repair system here presented consists, for 
the first time in this thesis, of a composite to metal repair. This is to show the robustness of 
CFBG sensors in detecting and monitoring damage over a wider range of composite repairs. The 
experimental results have been presented for the damage development and for the corresponding 
CFBG optical spectra. To reinforce the understanding of the experimental findings, FE and 
optical modelling have also been undertaken. Here, the experimental and the modelling results 
have been compared and discussed. In order to fully characterise the damage mode and validate 
the optical results, microscopy of selected sections have also been performed. Assumptions 
derived from the experimental and predicted optical results were investigated and validated by 
additional modelling undertaken. Finally, concluding remarks have been made. 
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6.2. Specimen configuration and mechanical testing 
Tension-tension fatigue tests were performed in order to initiate and grow damage within the 
repair. A schematic of the repaired specimen subjected to this type of loading is shown in Figure 
6.1. Figure 6.1a shows an exploded view of the repair showing the panel (of dimensions 200 mm 
long, 50 mm wide and 2 mm thick) with the notch (introduced before repair – for details see 
section 3.2.3 in Chapter 3), the 60 mm CFBG sensor (positioned parallel to the loading direction 
and 10 mm away from the notch tip), the FM-73 OST adhesive film (of nominal thickness 0.2 
mm) and the pre-frabricated GFRP patch laminate (made of 8 harness-satin glass fibre woven 
fabric embedded in epoxy resin of dimensions 70 mm long, 40 mm wide and 0.25 mm thick). 
Figure 6.1b shows the plan view of the repaired panel loaded in tension. Fatigue loading is 
undertaken in order to allow having a consistent and stable damage growth. 
 
 
(a) (b) 
 
Figure 6.1: Schematic of the (a) exploded 3D view and the (b) view plan of the specimen subjected to 
tensile loading. 
 
The details of the fabrication of the specimens and the mechanical testing methodology have 
been described in detail in Chapter 3 (sections 3.2 and 3.4). The schematic in Figure 6.2 shows a 
detail of a cross-section along the CFBG sensor. Here, it is possible to see the CFBG sensor 
embedded in the bond-line and adjacent to the aluminium parent panel. The schematic of the 
section cut A’-A’’ shows the embedded sensor surrounded by the adhesive layer. 
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Figure 6.2: Schematic detail diagram of the bond-line along the sensor – cross-section view. 
 
Figure 6.3 shows photographs of both faces of a repaired specimen, i.e. the (a) patched and 
the (b) unpatched faces. Due to the transparency of the GFRP material, it is possible to observe 
the adhesive film (in green). 
 
                         (a) 
 
         (b) 
 
Figure 6.3: Photograph of the (a) patched and (b) unpatched faces of a repaired panel subjected to 
tensile load – perspective view. 
 
Figure 6.4 shows a plan view photograph of the unpatched face of the undamaged repaired 
specimen. Here, the notch in the aluminium parent panel can be seen (through which it is 
possible to view the adhesive). Also shown are the locations of the sensor (which is embedded in 
the bond-line) showing the low- and high-wavelength ends and of the edges of the GFRP patch 
laminate. 
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Figure 6.4: Photograph of the unpatched face of specimen 3 (S3) with no damage. 
 
6.3. Damage development 
During fatigue loading, damage developed in the aluminium parent panel. Figure 6.5 shows 
photographs taken on the unpatched face of specimen 3 (S3) for different degrees of fatigue 
damage. During the fatigue test, two cracks were observed in the aluminium panel. These cracks 
initiated from the notch ends and grew approximately perpendicular to the loading direction, i.e. 
towards the edges of the repair at similar rates as shown by the red arrows in Figure 6.5. The 
crack developed on the sensor’s side grew from about 1.3 mm (Figure 6.5a) to about 12.7 mm 
(Figure 6.5d) between 50000 cycles and 106000 cycles. Crack lengths were measured using a 
travelling optical microscope after the fatigue test being temporarily stopped. The crack length of 
12.7 mm has already passed the location of the sensor as shown in Figure 6.5d. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 6.5: Photographs of the unpatched face of specimen 3 (S3). Damaged coupon after (a) 50000, (b) 
86000, (c) 101000 and (d) 106000 fatigue cycles. 
 
Figure 6.6 shows photographs taken on the patched face of S3 after 106000 fatigue cycles. 
Here, it can be seen that damage occurred in the GFRP patch especially in the notch region, far 
away from the sensor. This damage was only clearly observed after the cracks had reached 8 mm 
length approximately in the aluminium panel. Figure 6.6 shows damage when the crack is almost 
at full width of the specimen, showing maximum patch damage. At this point, there was matrix 
cracking and delamination in the patch, especially in the notch region but no evidence of fibre 
fracture. This is corroborated by the FE modelling (see section 6.6) which suggest a maximum 
strain of 1.7% in this region which is lower than the patch failure strain of 2% [92]. 
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Figure 6.6: Photograph of the patched face of specimen 3 (S3) after 106000 fatigue cycles. 
 
In total, four specimens were tested without and with embedded sensors, i.e. from specimen 1 
(S1) without sensor, and specimens (S2, S3 and S4) with sensors. In all of these, the damage 
mode observed was similar to S3 shown in Figure 6.5 and Figure 6.6, showing a good degree of 
repeatability. The photographs taken during the fatigue testing of specimens S2 to S4 can be 
found in the Appendix 6A. 
Figure 6.7 shows plots of the average crack length as a function of the number of cycles 
obtained from S1 to S4. The damage length shown in this figure is the average value of the 
damage measured at each side of aluminium parent panel on the unpatched face shown in Figure 
6.5. Figure 6.7 shows the expected increase of crack length in all the specimens tested, with some 
minor variations between specimens, possibly due to the shape of the notches within the 
specimens from which the fatigue cracks initiated. 
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Figure 6.7: Damage evolution with increasing fatigue cycles from specimens 1 (S1) to 4 (S4). 
 
6.4. Experimental optical results 
6.4.1. Static results – sensor behaviour under simple tensile loading 
 
A schematic of the edge view of the specimen showing the location of the embedded sensor is 
presented in Figure 6.8. The 60 mm gauge length CFBG sensor was embedded in the bond-line 
(i.e. in the adhesive) adjacent to the parent laminate and centred in respect to the pre-cured (70 
mm long) patch. The reflected spectra were recorded before embedding the sensor (original 
spectrum) and then after embedding for two different loading conditions, i.e. when the specimen 
was (i) unloaded and (ii) loaded at 6 kN. The 60 mm sensor extends 30 mm each side of the 
notch/crack plane. 
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Figure 6.8: Schematic of the edge view of the specimen along the sensor line (not to scale). 
 
A CFBG sensor of 80% reflectivity and uncoated was embedded within the repaired region 
during the repair fabrication of specimens. Figure 6.9 shows the original reflected spectrum 
(before embedding) and the reflected spectra (after embedding) measured from specimen 3 (S3) 
and specimen 4 (S4) loaded statically in tension. Under load, the reflected spectra exhibited a 
uniform profile due to a uniform strain over the sensor length. The embedded reflected spectra 
were shifted in Figure 6.9 by +10 dB from the original spectrum for better visualisation. 
In Figure 6.9a, the reflected spectrum from the original to the embedded (no load) shifted 
about 2.16 nm (measured at the low-wavelength end at half maximum-intensity) to lower 
wavelengths. This shift is related to the compressive strains formed during the cooling stage of 
the curing of the adhesive of the repair to room temperature (21 °C). The coefficient of thermal 
expansion of the FM-73 OST adhesive film, the GFRP and the aluminium parent laminate are 
greater than the sensor, so that when the sensor is bonded to the adhesive at 120 °C and then the 
temperature reduces to room temperature, the surrounding materials contract more than the 
sensor and hence the sensor is put into compression. As mentioned in earlier chapters, the 
wavelength-strain ratio for CFBG sensors is about 1x10-3 nm/µε [89]. Therefore, a wavelength 
shift of 2.16 nm indicates a compressive strain of 2160 µε. The magnitude of the locked-in 
thermal strain can be estimated using a simple closed-form, one dimensional approach [90]. This 
gives 2307 µε which is in reasonable agreement with the 2160 µε measured from the CFBG 
sensor (see in the Appendix 6B). This is a relatively significant residual compressive strain which 
needs to be considered when bonding dissimilar materials. Of course, when loaded, the spectrum 
shifts to higher wavelengths. For example, for S3 loaded to 6 kN, a shift of 0.860 nm occurs 
corresponding to about 860 µε. Again, simple hand-calculations gives 829 µε (see in the 
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Appendix 6C for details) which is in reasonable agreement with the sensor measurements. Similar 
behaviour is seen for S4 (Figure 6.9b). 
 
 
 
(a) 
 
 
 
(b) 
Figure 6.9:  Original sensor reflected spectrum and experimentally recorded reflected spectra of a 
repaired but undamaged specimens (a) S3 and (b) S4 at (i) 0 kN and at (ii) 6 kN. 
 
Table 6.1 summarises the measurements made on the reflected spectra for the three 
specimens tested, i.e. S2, S3 and S4. The optical results for S2 are shown in the Appendix 6D. 
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This table demonstrates that the strain measured from the initial shift gives a variation of 9%, but 
only a 1% variation in the strain measured from the loading shift at the low-wavelength end. 
 
Table 6.1: Summary of the optical strain measurements. 
 Initial shift [nm] Strain [µε] Loading shift [nm] Strain [µε] 
Specimen 2 (S2) 1.97 1970 0.84 840 
Specimen 3 (S3) 2.16 2160 0.86 860 
Specimen 4 (S4) 1.78 1780 0.87 870 
 Average 1970  857 
 Standard deviation ± 190  ± 15 
 
6.4.2. Detection of damage development in the patch repair due to fatigue 
loading 
 
The purpose of embedding a CFBG sensor into the patch repair is to show its ability to monitor 
damage initiation and growth. Figure 6.10 shows the reflected spectrum for specimen S3 
recorded before the start of the fatigue test (undamaged specimen spectrum) and the reflected 
spectra recorded during the fatigue test as the fatigue crack grew towards, and past, the location 
of the sensor. These spectra were taken at crack lengths of 1.3, 2.6, 5.1, 6.7, 8.1, 9.5, 10.8 and 12.7 
mm. The fatigue test was periodically interrupted in order for these recordings to take place using 
an optical microscope and also to photograph the specimen (see Figure 6.4, 6.5 and 6.6). All the 
spectra were obtained with the fatigue test interrupted and the specimen loaded statically at 6 kN. 
In Figure 6.10, the spectra have been shifted +10 dB on the intensity scale, starting from the 
undamaged spectrum, for better visualisation. Figure 6.10 shows that, with increasing fatigue 
damage up to a crack length of 5.1 mm, the sensor was unable to detect any presence of the 
fatigue crack as shown by the uniform reflected spectra. After a crack length of about 6.7 mm 
(i.e. at about 3.3 mm from the location of the CFBG sensor), a perturbation within the reflected 
spectra is formed as shown by the dashed circle in Figure 6.10. With further increase of damage, 
this perturbation increases and reshapes up to a crack length of about 10.8 mm (i.e. when the 
crack has just passed the sensor). Further fatigue cycling produced the last reflected spectrum for 
a crack length of 12.7 mm which shows that the perturbation shape has not changed significantly. 
This indicates that when the crack passed the sensor, this perturbation did not undergo further 
changes despite the increasing stress levels at the tip of the crack (the magnitude of the stresses at 
the crack tip increases with increasing crack length). It is possible that the increase of the stress 
levels at the crack tip is actually detected by the sensor by showing increasingly noisy reflected 
spectra at higher wavelengths of the perturbation and the formation of a new perturbation 
beyond the high-wavelength end of the spectrum. Similar behaviour was found for specimen S4 
(see Figure 6.11). 
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Figure 6.10: Experimentally recorded reflected spectra for different degrees of damage after from 1.3 
mm to 12.7 mm crack length in specimen 3 (S3) loaded at 6 kN. 
 
Figure 6.11 shows the reflected spectrum recorded before the start of the fatigue test 
(undamaged specimen) and the reflected spectra recorded during the fatigue test of S4 for various 
crack lengths (2.7, 4.4, 5.8, 6.9, 7.6, 9.0, 9.6, 11.0 and 12.2 mm). It can be seen that the crack is 
first detected after a crack length of about 6.9 mm (i.e. at about 3.1 mm distance of the CFBG 
sensor) which is in good agreement with the S3 results. Also, the perturbation formed within the 
spectra due to the presence of the crack is at similar wavelengths and similar shapes. 
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Figure 6.11: Experimentally recorded reflected spectra for different degrees of damage after from 2.7 
mm to 12.2 mm crack length in specimen 4 (S4) loaded at 6 kN. 
 
6.5. Finite-element model generation for the patch repair and 
damage 
6.5.1. Introduction  
 
The aim of the finite-element modelling (using Abaqus® 6.10 [79]) was to model the repaired 
coupons and to derive the strain distributions for subsequent input into the optical modelling 
(using Optigrating® v.4.2 [72]) in an attempt to understand the experimental results. 
 
6.5.2. FE model of the repaired specimen and damage 
 
In order to be able to predict the optical results, FE modelling was performed. Here, the coupon 
was modelled using solid elements with orthotropic material properties for the GFRP patch and 
isotropic materials for the other components. The mechanical properties used in the FE models 
for the aluminium 2014-T6, the eight-harness GFRP laminate and the FM-73 OST adhesive film 
are shown in Table 6.2 and Table 6.3, taken from [3–5]. 
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Table 6.2: GFRP laminate properties. 
E1 = 21000 MPa υ12 = 0.183 G12 = 3700 MPa 
E2 = 21000 MPa υ13 = 0.0305 G13 = 3500 MPa 
E3 = 8550 MPa υ23 = 0.075 G23 = 3500 MPa 
 
Table 6.3: FM-73 and Al-2014 properties. 
EFM-73 = 2000 MPa υ = 0.4 
EAl = 72400 MPa υ = 0.33 
 
Due to bonding dissimilar materials with significantly different coefficients of thermal 
expansion (CTE), the FE models considered the temperature drop that occurred in the cooling 
stage from the adhesive curing temperature at 120 °C to room temperature at 20 °C, i.e. a 
temperature drop of 100 °C. Table 6.4 shows the CTE of each material considered in the FE 
modelling. 
 
Table 6.4: Coefficient thermal expansion of the different materials considered. 
Material CTE [x10-6.°C-1] 
Al-2014-T6 23 [93] 
GFRP 81 [94] 
FM-73 OST 50 [95] 
1 in the longitudinal direction 
 
Due to symmetry, just one quarter of the patch repaired panel was modelled with symmetry 
boundary conditions on faces a and b as shown in Figure 6.12. The model of the aluminium panel 
was 100 mm long, 25 mm wide and 2 mm thick. All the parts that comprise the system (i.e. the 
aluminium parent panel, the GFRP patch laminate and the FM-73 OST adhesive film) were tie 
constrained. The bond-line which consisted of two layers of the FM-73 OST adhesive film was 
nominally 0.2 mm thick. The pre-cured patch (which consisted of a single ply) was 0.25 mm 
thick, 35 mm long and 20 mm wide. The FE models were produced based on the nominal 
dimensions of the real coupons. For the modelling, a tensile load of 6 kN was applied to the 
undamaged and damaged models, as in the experiments. As only a quarter coupon was modelled, 
the load F applied (as shown in Figure 6.12) was 3 kN. At the point where this was applied, a 
coupling constraint was applied ensuring that the x-displacement of all the face nodes were the 
same. This was to enable the load to be applied across the entire cross-section of the model and 
replicate realistically the loading condition applied experimentally. 
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Figure 6.12: Schematic of the FE model with no damage. 
 
The FE mesh of the undamaged model is shown in Figure 6.13, where the imaginary position 
of the sensor is also shown. The mesh has been particularly refined (with elements being 0.1 mm 
long) along the centre line position of the sensor embedded (i.e. in the adhesive film adjacent to 
the aluminium parent panel) for better accuracy in the results, and optimised throughout the 
remaining of the model for faster analysis. Due to the complex shape and high stresses expected 
around the notch due to tensile loading, the mesh was also refined in this region. This is 
especially important considering that high strains expected at the notch and crack tips (i.e. for the 
undamaged and damaged models respectively) are to be detected by the CFBG sensor. No 
assessment of the effect of the mesh size on the results was undertaken because the sensor 
required a refined mesh size. This refinement enabled better strain resolution along the position 
of the sensor to predict the reflected spectra shown in the next section. The detailed view of the 
bond-line in Figure 6.13 shows this refined mesh in the repaired model. A good mesh is 
important in order to obtain good results accuracy. To obtain such mesh, a different set of 
partitions were created in order to allow good element shapes to be obtained. This is particularly 
important when complex shapes are to be modelled, i.e. especially when damage is introduced. 
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Figure 6.13: General and detail view of the FE mesh of the Al/GFRP patch repair model. 
 
The individual mesh of each part that forms the coupon is shown in Figure 6.14, where (a) 
corresponds to the parent panel, (b) to the adhesive layer and (c) to the patch laminate. Here, the 
fine mesh in the adhesive layer along the position of the sensor for the first 10 mm from the 
adhesive edge and in the notch region can be seen. The patch laminate had uniform mesh across 
the entire model. In most of the model hexahedral elements were used, however, tetrahedral 
elements were used around the notch in the parent panel in order to obtain a better mesh 
transition between the fine and coarse mesh and due to the complex shape of the notch. 
Quadratic (2nd order) elements were used across the entire mesh as these are much more accurate 
than linear (1st order) elements. 
 
(a) 
 
 
(b) 
 
(c) 
Figure 6.14: Individual mesh of the (a) aluminium parent panel, (b) adhesive layer and (c) patch 
laminate. 
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One more FE model was created, i.e. a damaged model with a crack length that has just 
passed the sensor. The experimental results have shown that after this point, there was no 
significant change of the perturbation (see in Figure 6.10 and Figure 6.11). Figure 6.15 shows a 
schematic of a model having a crack length of 12.5 mm (which was the average value of the 
maximum crack lengths measured on S3 and S4 using on optical microscope). The crack length 
on the patched side was taken to be slightly smaller (11 mm) based on observations by Schubbe 
et al. [19] who performed a study on a similar asymmetrical repair system tested in tension-
tension fatigue loading and found an elliptical crack front; the ratio of the crack lengths on the 
two surfaces found by Shubbe et al [19] (i.e. about 0.88) has been used here. Damage in the 
GFRP patch seen in Figure 6.6 was not considered because this was restricted to matrix cracking 
and possible fibre/matrix debonding which would reduce the modulus of the material only 
slightly. This crack length of 11 mm on the patched face is 1 mm after the sensor, as shown in 
Figure 6.15. The crack front was created in the FE model by releasing the symmetric boundary 
condition on the nodes on the crack surface. The mesh for these models was kept similar to the 
previous model (undamaged) for consistency. However, the mesh refinement was extended from 
the notch tip to the crack tip for better accuracy. 
 
Figure 6.15: 3D schematic of the damaged model showing a crack of 12.5 mm. 
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6.6. FE and optical modelling results 
6.6.1. Introduction 
 
As indicated above, the FE modelling was used to derive the changes in the strain distribution as 
a consequence of the growth of the crack and from this, changes to the reflected spectra could be 
predicted. 
 
6.6.2. Stress and strain redistribution as a consequence of the aluminium 
cracks 
 
In this section, the results of the stress analysis are discussed. Figure 6.16 shows the von Mises 
stress contours in the aluminium parent panel at the patched face for two different models, i.e. (a) 
undamaged (i.e. the fatigue crack has not propagated from the notch) and (b) damaged, 
considering a crack of 12.5 mm (as shown in Figure 6.15). The different levels of stress are clearly 
seen from the contours. Figure 6.16a shows the stress hotspot to be located at the tip of the 
notch. It is clearly seen that a) the stress in the aluminium parent panel is higher around the notch 
and that b) the patched face is less stressed than the unpatched face (as shown by the non-
uniform stress contour at face b – see Figure 6.12) because of load sharing between the patch and 
the underlying aluminium. 
Figure 6.16b shows that for a fatigue crack length of 12.5 mm, the stress hotspot is now at 
two different locations and that the stress field has changed significantly, especially on the 
patched face. This shows that the aluminium parent panel is now more stressed in the presence 
of damage (as shown by the higher contour levels). Figure 6.16b shows the “stress hotspot 1” 
which is a bi-material numerical singularity between the aluminium panel and the GFRP patch 
and the “stress hotspot 2” which is another numerical singularity at the crack front. The presence 
of the crack causes two distinctive areas of stress shielding to be formed in Figure 6.16b. Here, 
“stress shielding 1” is caused by the presence of the patch which is the only stress path in this 
region. At “stress shielding 2”, the stresses drawn away around the crack via the aluminium 
parent panel itself and the patch laminate ahead of the crack front, similarly to what was 
discussed for Figure 6.16a. 
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(a) 
 
   
(b) 
Figure 6.16: Undeformed FE model showing the von Mises stress contours in aluminium parent panel 
at the patched face for the (a) undamaged model and (b) damaged model (12.5 mm crack) 
at the same stress interval – loaded at 6 kN. 
 
Figure 6.17a shows the axial stress contours in the parent panel containing a crack length of 
12.5 mm. Here, it shows a cut view on two planes which the x-z plane is the plane that contains 
the sensor (i.e. 10 mm away from the notch tip). The stress contours show that the maximum 
axial stresses lie at the end of the crack front where the stresses drawn away from the panel 
centre due to the presence of the crack and focus around the crack front. Figure 6.17b shows the 
axial stress plot along the path shown in Figure 6.17a (i.e. on the bonded aluminium surface) for 
50 mm. Here, it can be seen that there are three well defined regions, i.e. at I where the stress 
varies significantly and at II and III where the stress is nearly constant. Due to the close presence 
of the newly-created bi-material numerical singularity (as shown in Figure 6.17a), the region I 
start with a maximum stress of approximately 222 MPa. Due to the singularity, the magnitude of 
this maximum stress is unbounded and tends to infinity as the mesh is refined. However, as 
shown in Figure 6.16, the patch is highly stressed in this region as it is the primary stress path due 
to the presence of the crack. After this point, the stress decreases sharply to 50 MPa before 
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increasing again smoothly to 86 MPa. In region II, the stress keeps approximately constant with 
an average stress value of approximately 84 MPa. At the end of this region which corresponds to 
the end to the bonded patch region, there is a stress transition to slightly lower stress values (i.e. 
approximately 68 MPa). However, at this point, it is expected a slight increase of stress because 
the patch is not there anymore for load sharing. The reason for this is because the elements are 
rather coarse (i.e. five times bigger than the element size in the bonded region as shown in Figure 
6.13). At region III, the stress increases slightly and then it keeps approximately constant with an 
average value stress of approximately 44 MPa. The sharp decrease and increase of stress in region 
I, it is a typical behaviour of stress when there is a numerical singularity. The aluminium parent 
panel far-field (within region III) shows a stress of approximately 44 MPa. Simple hand-
calculations using the stress-strain relationship can be used to give a good estimation of the stress 
in this region. Considering a uniform beam (i.e. no repair and no notch) of the same dimensions, 
subjected to a tensile load of 6 kN (as shown in Figure 6.1), the stress calculated using this theory 
gives 60 MPa (please see the in Appendix 6C for details) which is in reasonable agreement with 
the FE predictions which considered the thermal loading in addition to mechanical loading. 
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(a) 
 
 
(b) 
Figure 6.17: (a) Schematic representation of the 50 mm long path used to extract the axial stresses in the 
aluminium parent panel; (b) Axial stress distribution in the parent panel considering a 
model containing a crack of 12.5 mm. 
 
The FE models can be used to find the value of the strains at the location of the sensor for 
both the notched but uncracked model, and the model where the crack has grown. Figure 6.18 
shows screen shots of the axial (x direction) strain contours of the undamaged FE model (i.e. no 
fatigue crack growth) in (a) the repair region and (b) the sensor cross section region. In Figure 
6.18a shows that there is two strain hotspots, one where the adhesive meets the notch in the 
aluminium parent panel (forming a numerical singularity) and the other at the notch tip (i.e. 
“strain hotspot 1” and “strain hotspot 2” respectively). Here it can also be seen that the adhesive 
film and the patch in the notch region are more highly strained than remote from the patch. 
Figure 6.18b shows that the strain along the sensor position lie within the same colour band and 
that at the end of the patch there is another numerical singularity with high strain levels (i.e. 
“strain hotspot 3”). However, this hotspot does not influence the strain field around the sensor. 
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Figure 6.18: FE undeformed shape of the undamaged model – at 6 kN load. 
 
Figure 6.19 shows screen shots of the axial (x-direction) strain contours of the damaged FE 
model (containing a fatigue crack length of 12.5 mm) in (a) the repaired region and (b) the sensor 
cross section region. Figure 6.19a shows that there are two strain hotspots, one where the 
adhesive meets the notch in the aluminium parent panel (numerical singularity) and the other in 
the adhesive all the way to the crack front (i.e. “strain hotspot 1” and “strain hotspot 2” 
respectively). Here, it can also be seen that the high strain in the adhesive and in the patch seen in 
Figure 6.18 is extended due to the presence of the crack. Also, the strain in the aluminium parent 
panel has increased ahead of the crack front because of the enhanced stresses around the crack 
tip. This high strain region in the parent panel can also be seen in Figure 6.19b where is clearly 
seen that this extends up to the bond-line (adhesive film) and to the position of the sensor. 
Finally, the numerical singularity at the end of the patch shows again to be a high strain point as 
indicated by the “strain hotspot 3” despite not being relevant from a sensor perspective. 
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Figure 6.19:  FE undeformed shape of the damage model containing a crack of 12.5 mm – at 6 kN load. 
 
6.6.3. Strain along the position of the sensor 
 
The strain profile along the sensor location, derived from the FE modelling, for the undamaged 
patch repair loaded at 0 kN (no load) and 6 kN is shown in Figure 6.20, with an inset indicating 
schematically the bonded region. Note that the strain from the symmetric quarter FE model has 
been mirrored about the coupon centre to provide data along the entire sensor. Of course, for 
this situation, the sensor is located about 10 mm from the notch tip, so the expected strain 
profile is essentially the far-field strain in the patched panel, distant from the notch. The 
unloaded profile shows a uniform strain of approximately -2100 µε (0.2%) which is the residual 
compressive strain formed caused by the temperature drop of 100 °C (to model the cooling stage 
of the adhesive from 120 °C to 20 °C). The magnitude of the locked-in thermal strain can be 
estimated using a simple closed-form, one dimensional approach [90]. This gives -2307 µε which 
is in reasonable agreement with the -2100 µε obtained from the FE modelling (see in the 
Appendix 6B for more details). The loaded strain profile in Figure 6.20 also shows a uniform 
strain, this time of approximately of -1420 µε. The compressive residual strain has reduced 680 
µε. Simple hand-calculations using the stress and strain relationship can be used to give a good 
estimation of the strain in this region. Considering a uniform aluminium panel (i.e. no repair and 
notch) of the same dimensions, subjected to a tensile load of 6 kN, the strain calculated using this 
relationship gives 829 µε (please see the in Appendix 6C for details) which is in reasonable 
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agreement with the 680 µε obtained from the FE modelling (where the repair and notch might 
account for the difference) 
 
 
 
Figure 6.20: Predicted strain profile of the undamaged model when loaded at 0 kN and 6 kN. 
 
Figure 6.21 shows the strain profile along the position of the sensor of the damaged model 
(i.e. having a fatigue crack of length 12.5 mm) loaded in tension at 6 kN. Here it can be seen that, 
at the position of the crack, there is a sharp increase of strain up to approximately 27500 µε 
(2.8%). This is not surprising, since the crack has grown beyond the location of the sensor so 
that, in effect, the sensor (and of course the patch) are bridging the crack. In the remaining parts 
of the sensor, the strain is uniform with a value of -1250 µε which is of the same order of 
magnitude as the uniform strain of the 6 kN profile in Figure 6.20. The peak strain is probably 
due to a combination of a bi-material singularity and the stress concentration caused by local load 
transfer from the cracked aluminium to the patch. 
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Figure 6.21: Predicted strain profile of the damaged model (12.5 mm crack) when loaded at 6 kN. 
 
6.6.4. Predictions of the reflected spectra 
 
6.6.4.1. Repaired coupons before fatigue 
 
To predict the reflected spectra, the longitudinal strains at the physical location of the CFBG 
sensor derived from the FE models were input to the software OptiGrating®. Figure 6.22 shows 
the predicted reflected spectra corresponding to loads of 0 kN and 6 kN for the repaired 
specimen, where, the 6 kN reflected spectrum has been shifted +10 dB for better visualisation 
relative to the 0 kN spectrum, using the strain distribution shown in Figure 6.20. Figure 6.22 
shows a uniform reflected spectra due to uniform strain along the position of the sensor (as 
shown in Figure 6.20) at 0 kN; for the 6 kN loading, the small undulations in the strain 
distribution are not sufficient to produce perturbations in the spectrum, although the reflected 
spectrum is shifted 0.61 nm to higher wavelengths (measured at the low-wavelength end at half-
intensity maximum) which corresponds to a tensile strain of 610 µε (0.06%). However, the 
experimentally measured reflected spectra (before damage) at 6 kN have shown an average tensile 
strain equivalent to 857 µε (0.09%) as shown in Table 6.1, which is 28% higher than the predicted 
strain; it is not entirely clear why there is a difference of this magnitude here, although the 
qualitative behaviour is correct. 
-2500
2500
7500
12500
17500
22500
27500
32500
0 10 20 30 40 50 60
Length [mm]
M
ic
ro
st
ra
in
Patch laminate
Aluminium 
parent panel
Adhesive film Sensor
Aluminium 
parent panel
Crack
  
Chapter 6. Damage Detection in Al/GFRP Patch Repairs 
 
175 
 
 
 
 
 
Figure 6.22: Undamaged predicted reflected spectra - at 6 kN load. 
 
6.6.4.2. Repaired coupons with fatigue damage 
 
Figure 6.23 shows the predicted reflected spectra (obtained from Optigrating®) of a repaired 
coupon and for a repaired coupon with a fatigue crack (in the aluminium) of 12.5 mm, both 
loaded at 6 kN. Here, the reflected spectrum of the damaged specimen has been shifted by +10 
dB on the intensity scale from the undamaged spectrum for better visualisation. Figure 6.23 
shows that, for a 12.5 mm crack, a perturbation very similar to that seen in the experimental 
results of Figure 6.10 and Figure 6.11 can be seen for crack lengths of 12.7 mm and 12.2 mm, 
respectively. This perturbation, labelled “Perturbation 1” in Figure 6.23 is located at the centre of 
the reflected spectrum as in the experimental results. In addition, there is also noise in the 
spectrum extending from Perturbation 1 towards the high-wavelength end of the spectrum, again 
as in the experimental results. In addition to this, a second perturbation, labelled “Perturbation 2” 
is apparent at the high-wavelength end, again as seen in the experimental results. 
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Figure 6.23: Damaged predicted reflected spectra for a crack length of 12.5 mm - at 6 kN load. 
 
However, there are few minor differences between the predicted and recorded spectrum 
Figure 6.24 shows the recorded and predicted reflected spectra for comparison. The spectra were 
shifted on the intensity scale for better visualisation. Also, the predicted spectrum was aligned 
with the recorded spectra at the low-wavelength end, again to facilitate comparison. Figure 6.24 
shows that the shape of “Perturbation 1” in the predicted spectrum is narrower than for the two 
experimental results. Second, the position of “Perturbation 1” within the predicted spectrum is at 
the centre of the spectrum, whereas the recorded perturbations are shifted slightly to higher 
wavelengths (measured at half-width of each perturbation). Finally, Figure 6.24 shows that the 
predicted “Perturbation 2” is significantly different in shape to the experimentally recorded 
“Perturbation 2”. These differences probably relate to the idealisation of the strain field which 
the FE model provides, compared to the experimental complications relating to local variations 
in sensor position, crack path and material stiffness (i.e. the woven patch). In addition, some of 
the differences may be due to the details of damage in the vicinity of the crack at the 
aluminium/adhesive interface which were investigated using microscopy and are described in the 
next section. 
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Figure 6.24: Recorded (S3 and S4) and predicted reflected spectra - at 6 kN load. 
 
6.6.4.3. Microscopy 
 
To allow a more detailed evaluation of the damage that accompanied crack growth in the repaired 
region, microscopy was undertaken on specimen S3. This is important in order to fully 
understand the optical results since unexpected damage could cause significant strain field 
changes from those predicted. Figure 6.25 shows a photograph of the unpatched side of S3 with 
a crack length on the sensor side of 12.7 mm. Also indicated are the locations of the cross-
sections 1 to 6 (i.e. 3.3, 6.2, 7.7, 8.7, 9.7 and 10.5 mm from the notch tip) that were investigated 
using optical microscopy. 
 
Figure 6.25: Photograph of the unpatched face of specimen 3 (S3) showing different cross-sections for 
microscopy from 1 to 7 – with crack length of 12.7 mm. 
 
Figure 6.26 shows microscopy photographs of cross-section 6 (i.e. approximately 10.5 mm 
from the notch tip and 0.5 mm beyond the location of the sensor. In Figure 6.26a it is possible to 
see the crack in the aluminium parent panel and that this crack did not grow in a straight line 
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through the thickness of the aluminium but rather it was angled, although the crack maximum 
diversion was not very large (i.e. approximately 300 µm). Neither the adhesive film nor the patch 
showed any significant damage. Figure 6.26b shows a similar photograph, focussing on the region 
where the crack in the aluminium meets the adhesive film, magnified ten times and with a 
different colour contrast. This shows that debonding has occurred where the aluminium crack 
meets the adhesive film and the full extent of the delamination was measured to be around 700 
µm (red arrow in Figure 6.26b). Also, it is possible to see in Figure 6.26b that the debonding is 
not symmetric with respect to the crack end at the aluminium/adhesive interface. 
 
Figure 6.26: Cross-section microscopy photographs of specimen 3 (S3) at (a) 5x and (b) 10x 
amplifications – cross section 6. 
 
Figure 6.26 has revealed debonding associated with the aluminium through-thickness crack, 
which will obviously have an effect on the local strain field. In the next section the impact of this 
debonding on the strain field, and consequently on the reflected spectrum, is investigated. This is 
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especially important because the sensor is just positioned in the adhesive adjacent to the adhesive 
film/aluminium parent panel interface where this debonding occurred. 
 
6.6.4.4. The effect of the debonding on the reflected spectrum 
 
In order to determine the precise nature of the debonding that occurred between the adhesive 
film and the aluminium parent panel, this was measured by microscopy on cross-sections from 1 
to 6 as shown in Figure 6.25 from specimen S3 and specimen S4. It was found that the 
debonding was not positioned symmetrically about the crack end-point. For FE modelling 
purposes, the debonding was assumed to be symmetric about the crack end-point. Figure 6.27 
shows the debonding growth for increasing crack lengths in S3 and S4 and the position of the 
sensor and the crack which was assumed to be approximately 11 mm long, i.e. 1 mm ahead of the 
sensor (as seen in Figure 6.15). In this figure, it is possible to see that debonding only initiated 3.3 
mm away from the notch tip. From this point, it increased up to just before the sensor (i.e. 9.7 
mm from the notch tip, 0.3 mm before the sensor and 1.3 mm from the crack tip). The average 
curve in Figure 6.27 gives an approximate indication of the debond shape considering symmetric 
conditions. 
 
Figure 6.27: Measured debonding length in specimen 3 (S3) and specimen 4 (S4) for a crack length of 11 
mm. 
 
The above measurements were used to introduce debonding in the damaged FE model 
described earlier in section 6.5. Figure 6.28 shows a schematic of the model having a crack length 
of 12.5 mm and a debonded interface. Damage was created in the FE model by not applying the 
symmetric boundary condition at the crack surface and by leaving untied the debonding surface 
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between the aluminium parent panel and the adhesive film. The mesh for this new model was 
kept identical to the original model described earlier in section 6.5. No further mesh refinement 
was required in this new model with the introduction of the debonding since it was already within 
the refined region. 
 
Figure 6.28: 3-Dimensional general schematic view of the damaged surfaces 
 
Figure 6.29 shows a detailed schematic of the debonding surface. Here it is assumed that the 
debonding starts 3.1 mm away from the notch tip and it is 8.4 mm long and 0.3 mm wide (at 
maximum width). All of these dimensions were obtained by averaging the debonding width 
measurements of S3 and S4 shown in Figure 6.27. Figure 6.29 also shows the position of the 
sensor and the position of the crack end-point shown in Figure 6.26. 
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Figure 6.29: 3-Dimensional detailed schematic of the adhesive film and the patch. 
 
Figure 6.30 shows the strain profile along the position of the sensor of the damaged model 
(12.5 mm crack) without and with debonding, loaded in tension at 6 kN. Here it can be seen that, 
by introducing of the debonding in the FE model, the strain profile is similar to the strain profile 
for the model with no debonding, with one important difference: the maximum strain drops 
from approximately 27500 µε (2.8%) from the model without debonding to 9000 µε (0.9%) from 
the model with debonding. By introducing the debonding in the FE model, the high peak strains 
on the crack face (as shown in Figure 6.29) have been blunted and the single peak splits into two. 
 
 
Figure 6.30: Predicted strain profile of the damaged model (12.5 mm crack) without and with debonding 
- loaded at 6 kN. 
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Figure 6.31 shows the new predicted reflected spectrum (i.e. with debonding) alongside the 
predicted reflected spectrum without debonding and both recorded reflected spectra for 
comparison. The spectra were shifted +20 dB on the intensity scale and consecutively from the 
specimen 3 (S3) spectrum for better visualisation. Also, the predicted spectra were aligned with 
the recorded spectra at the low-wavelength end for easy comparison. Figure 6.31 shows that, by 
introducing the debonding in the FE model, the reflected spectrum has not changed significantly. 
The width and the position of “Perturbation 1” has not changed significantly, although its shape 
has changed slightly. On the other hand, “Perturbation 2” has changed significantly. 
 
 
Figure 6.31: Recorded (S3 and S4) and predicted reflected spectra without and with debonding - at 6 kN 
load. 
 
This modelling has shown that “Perturbation 1” in the reflected spectrum was governed 
mainly by the crack running in the aluminium panel and that introducing the debonding has little 
effect, whereas “Perturbation 2” is quite sensitive to the existance of debonding. In the next 
section, the effect of changing the strain profile related to “Perturbation 1” on the reflected 
spectrum is investigated. 
 
6.6.4.5. The effect of the strain distribution on the reflected spectrum 
 
The previous section has shown that debonding can alter the strain peak, and hence the reflected 
spectrum. In this section, the effect of changing the strain peak profile has been investigated in 
order to examine the sensitivity of the perturbation shape to the strain profile. To do this, a very 
narrow section of the strain profile has been modified in two ways, i.e. first by increasing the 
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peak width (making the strain transition from maximum to minimum strain values smoother), 
and second, by decreasing the maximum strain. It should be stressed that these are hypothetical 
(not FE generated) strain profiles and this is being carried out simply to assess the effect of the 
local strain which the sensor experiences on the optical signal. Figure 6.32a shows four new 
profiles derived from the original profile shown in Figure 6.30. Also, there is a schematic detail of 
the region indicating where the change happens. The arrows indicate the direction of the change 
in the profile width. Figure 6.32b shows the reflected spectra obtained from the strain profile as a 
consequence of the changes in Figure 6.32a. It can be seen that the profile changes significantly 
affect “Perturbation 1”. As the profile become wider, the perturbation becomes more similar in 
shape and size to the perturbation seen on the recorded reflected spectra of S3 and S4 shown in 
Figure 6.24 and Figure 6.31, respectively. From this, it is now clear that if the strain transition in 
the coupon looked similar to profile 3 in Figure 6.32a there would be a much closer match 
between predicted and measured responses. 
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Figure 6.32: (a) detail of the profile modified and (b) the reflected spectra for a 60 mm profile containing 
the modified profiles – peak width increase. 
 
Figure 6.33a shows four new profiles derived from the original profile shown in Figure 6.30 
considering the effect of a reduction in peak strain. Also shown is a schematic detail of the region 
indicating where the change happens. The arrows indicate the direction of the change in 
magnitude. Figure 6.33b shows the reflected spectra obtained from the new strain profiles 
considering the changes in Figure 6.33a. It can be seen that the profile changes significantly affect 
“Perturbation 1”. As the peak strain decreases, the intensity of the perturbation reduces. Also, 
Figure 6.33b shows a lack of a second perturbation (“Perturbation 2”) which only appears for 
much higher peak strains (e.g. 27000 µε as in Figure 6.21). 
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Figure 6.33: (a) detail of the profile modified and (b) the reflected spectra for a 60 mm profile containing 
the modified profiles – peak strain decrease. 
 
6.7. Concluding remarks 
Fatigue crack growth has been observed in a GFRP patch-repaired aluminium coupon under 
tension-tension fatigue loading. Prior to repair, a central notch was introduced in the aluminium 
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harness satin fabric and epoxy resin (producing a transparent GFRP), was bonded to one face of 
the specimen using an aerospace-graded film adhesive. Chirped FBG sensors were embedded in 
the bond-line adjacent to the aluminium parent panel. 
During the fatigue loading, damage in the aluminium panel developed from the notch tips in 
an approximately perpendicular manner to the loading direction. Finite-element modelling of the 
undamaged and the damaged coupons was carried out using solid elements with orthotropic 
material properties. For the damaged coupons, only one model was produced which considered a 
crack that has just passed the position of the sensor. In terms of major features within the 
spectrum, a good agreement was found between the predicted spectra and the experimental 
spectra. Microscopy showed the presence of debonding at the intersection of the crack with the 
adhesive layer, but inclusion of this in the modelling was found to predict no significant changes 
to the spectrum. Modifications to the strain peak and profile local to the crack position suggests 
that the precise shape of the perturbations is dependent on local debonding and its effect on the 
strain field. 
It can be concluded from the work in this chapter that, in terms of the experimental results, 
the reflected spectra from the embedded CFBG sensor clearly indicated the approach of a fatigue 
crack. In early stages of crack growth, the sensor did not detect any strain field change and 
therefore the reflected spectra remained uniform. After a crack length of approximately 7 mm, a 
perturbation was formed and increased in size with further damage development. Significantly, 
after the crack had passed the sensor, the shape of the perturbation remained constant. 
Consequently, it can be said that CFBG sensors are able to detect the growth of the crack and to 
register when the crack has passed the location of the sensor (by the stability of the central 
perturbation). 
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7  
Conclusions and Future Work 
7.1. Introduction 
This work has investigated the use of embedded chirped fibre Bragg grating sensors to monitor 
damage within composite repairs. The work has been focussed on detecting damage initiation 
within the repair and damage development; it should be noted that developing stronger and more 
efficient repairs is not within the remit of the work. 
The monitoring technique (using a chirped fibre Bragg grating sensor) has been used to detect 
damage (i.e. in the form of debonding and interlaminar/intralaminar cracking) within the repair 
of composite and aluminium panels when loaded in fatigue. All the composites used in this work 
were made of glass fibre embedded in an epoxy resin and were fabricated by the author. The use 
of GFRP provided a transparent material which enabled the damage to be recorded visually. Two 
different repair techniques were investigated (i.e. scarf and the patch techniques) on three 
different damaged panels. First, the monitoring technique was tested and modelled (using FE and 
optical modelling) in a GFRP-to-GFRP scarf repair. This was then followed by the GFRP-to-
GFRP repair, and then by a GFRP-to-aluminium patch repair. Due to complex 3-dimensional 
stress/strain fields ahead of the crack front and the multiple damage modes formed within the 
repair, the interpretation of the recorded results and the modelling were particularly difficult in 
first two repair systems considered. However, the modelling was found of great importance in 
understanding the mechanical behaviour of the repairs (with and without damage) and the 
recorded optical results. The work carried out has inevitably identified possible future 
investigations which are discussed in the future work section (Section 7.3). 
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7.2. Conclusions 
7.2.1. GFRP-to-GFRP scarf repair 
 
With regard to the GFRP-to-GFRP scarf repair, damage has been observed to develop in the 
form of bond-line cracks within the small resin-rich region in a scarf-repaired transparent GFRP 
coupon during flexural fatigue tests in four-point bending. The specimens were fabricated from 
transparent eight-harness satin fabric (glass fibre) embedded in epoxy resin. Chirped FBG 
sensors were embedded between the overply and the coupon on the tensile face and strain gauges 
were mounted on the tensile face of the repair for flexural modulus measurements on both 
undamaged and damaged specimens. Finite-element modelling of the undamaged and damaged 
coupons was carried out in order to obtain the strain values at the position of the strain gauge 
and along the physical position of the sensor. The flexural modulus and flexural stiffness 
reduction as a consequence of bond-line crack growth derived from the FE analysis were found 
to be in reasonable agreement with the experimental measurements. In order to show the impact 
of an additional damage mechanism observed (i.e. overply delamination), another FE model was 
produced and showed that this delamination had a minimal impact on the flexural stiffness, i.e. 
less than a 0.1% difference. The reflected spectra from the embedded CFBG sensor were 
obtained after the sensor had fractured at a highly strained position. Fortunately, part of the 
sensor was still active and therefore able to monitor the bond-line crack growth. This fracture of 
the sensor produced a dramatic change in the spectra which provided a clear indication of fatigue 
damage in the scarf repair. As the damage developed under continued fatigue loading, a shift of 
the high-wavelength end of the reflected spectra was observed. The strain distribution along the 
physical position of the sensor derived from finite-element modelling was used to predict the 
changes observed in the recorded reflected spectra. The measured and predicted reflected spectra 
were found in good qualitative agreement and showed that the changes to the spectra were 
caused by bond-line crack growth. 
 
7.2.2. GFRP-to-GFRP patch repair 
 
For the GFRP-to-GFRP patch repair, damage developed in the form of cracks within either the 
parent laminate or the patch laminate in a patch-repaired transparent GFRP coupon during 
flexural fatigue tests in four-point bending. The specimens were fabricated from transparent 
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eight-harness satin fabric glass fibre embedded in epoxy resin and a hole was introduced to 
represent damage. Chirped FBG sensors were embedded in an aerospace-graded film adhesive 
used to bond a pre-cured patch (fabricated from the same material) to the parent laminate on the 
tensile face. Finite-element modelling of the undamaged and damaged coupons was undertaken 
in order to obtain the strain values along the physical position of the sensor. Placing the crack on 
a different interface (i.e. adhesive/patch) in one of the FE models confirmed the assumption that 
the low-wavelength end behaviour would not create the same features in the reflected spectrum 
but would only induce a shift of the low-wavelength end to higher wavelengths due to the 
increase of strain in the vicinity of the crack along the sensor position. The reflected spectra from 
the embedded CFBG sensor showed that the sensor in this repair system did not fracture. When 
interrogated from the low-wavelength end, damage which developed in the repaired region 
produced a dramatic change in the low-wavelength end of the spectra; when damage initiated, the 
low-wavelength end shifted to lower wavelengths. Subsequent growth of the bond-line cracks in 
fatigue led to a formation of a low-intensity region of reflected light which shifted to higher 
wavelengths, allowing the damage to be tracked. However, at the other (high wavelength) end of 
the sensor no significant change occurred despite the presence of damage. The strain distribution 
along the physical position of the sensor obtained from the finite-element modelling was used to 
predict the changes observed in the recorded reflected spectra. The measured and predicted 
reflected spectra were found in good qualitative and quantitative agreement and showed that the 
changes to the spectra were caused by damage within the repair. An accurate determination of 
the current length of the cracks from the low-wavelength end of the spectra was achieved. 
However, at the high-wavelength end of the spectra, this was not possible. 
 
7.2.3. GFRP-to-aluminium patch repair  
 
Fatigue crack growth has also been observed in a GFRP patch-repaired aluminium coupon under 
tension-tension fatigue loading. Prior to repair, a central notch was introduced in the aluminium 
specimens to facilitate damage (i.e. fatigue crack) initiation. A pre-cured patch, fabricated from 
eight-harness satin glass fabric and epoxy resin (producing a transparent GFRP), was bonded to 
one face of the specimen using an aerospace-graded film adhesive. Chirped FBG sensors were 
embedded in the adhesive in a direction perpendicular to and ahead of the anticipated crack 
growth from the notch tip. During the fatigue loading, the expected fatigue cracks developed in 
the aluminium panel from the notch tips in an approximately perpendicular plane to the loading 
direction. The fatigue cracks grew towards and then past the location of the CFBG sensor, and 
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the changing strain fields enabled the crack to be detected by the sensor. Finite-element 
modelling of the undamaged and damaged coupons was carried out in order to obtain the strain 
values along the physical position of the sensor. For the coupon with a crack, a model was 
produced which considered a crack that had just passed the position of the sensor. Also, the 
presence of debonding at the intersection of the aluminium crack with the adhesive layer was 
included in the model, although this debond was not found to cause significant changes to the 
predicted spectrum. The reflected spectra from the embedded CFBG sensor showed that the 
sensor in this repair system did not fracture. When interrogated from the low-wavelength end, 
the reflected spectra from the embedded CFBG sensor clearly indicated the approach of the 
fatigue crack. In early stages of crack growth (remote from the sensor), the sensor did not detect 
any strain field change and therefore the reflected spectra remained uniform. As the crack 
approached the location of the sensor, a perturbation was formed and increased in size with 
further damage development. After the crack had passed the sensor, the shape of the 
perturbation remained constant. The strain distribution along the physical position of the sensor 
obtained from the finite-element modelling was used to predict the changes observed in the 
recorded reflected spectra and the major features of the measured and predicted reflected spectra 
were found to be in good agreement. The CFBG sensors were thus able to detect the growth of 
the crack and to register when the crack has passed the location of the sensor (by the stability of 
the central perturbation). 
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7.3. Future work 
In the present work, it has been shown for the first time that embedded CFBG sensors are able 
to monitor damage (individual or simultaneous mechanisms) in composite repairs. This is a 
significant advance on previous work showing the capability of CFBG sensors to monitor strain 
field changes produced by the presence of damage. A combination of FE analysis and spectra 
prediction was demonstrated to be a powerful tool when employing CFBG sensors and should 
be used to reinforce the experimental findings of future investigations. This work has inevitably 
identified possible future investigations. 
One of the key areas of future work would be to establish the sensitivity and optimum 
position of the CFBG sensor in the repair geometries considered in this work as the patch 
geometry changes. Having established that the FE modelling is reliable, this could be largely a 
numerical modelling exercise with selective validation. In next sections are outlined some 
recommendations for future work specific for each repair. 
 
7.3.1. GFRP-to-GFRP scarf repair monitoring 
 
There are a number of further investigations that can be undertaken in order to give a further 
understanding about the behaviour of the reflected spectrum in the presence of damage and to 
allow further optimisation of this technique to monitor such a complex system. Therefore, it will 
be important to investigate the following points. 
 
1) As the high strains formed in the repaired region fractured the sensor, it would be 
useful to change the position of the sensor in order to reduce the strain levels along 
the sensor and obtain a full reflected spectrum. For example, an additional ply can be 
added to the overply and the sensor positioned between the two plies. Also this may 
possibly reduce the spectra noise allowing easier identification of the perturbations 
formed due to the presence of damage. A preliminary FE study can be performed at 
an early stage to assess possible sensor locations before testing. This would save time 
and make good use of the modelling tools available. 
2) The same scarf repairs fabricated from GFRP can be tested in tension as this is a more 
realistic loading condition in aircraft structures (four-point bending test was chosen in 
this work in order to allow a progressive damage growth in the bond-line or resin-rich 
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region). This would allow a further demonstration of the robustness of this technique 
in monitoring fatigue damage from different loading modes.  
3) A different set of specimens fabricated with much lower scarf angles (in agreement 
with what is used in industry for better strength and stiffness) can be investigated 
under four-point bending and tensile loading. 
4) After confidence on the results achieved on points 1 and 2 (i.e. by obtaining an 
optimised sensor position), scarf repairs fabricated from CFRP can be investigated (i.e. 
CFRP to CFRP scarf repairs). This would allow a further demonstration of the 
robustness of this technique when monitoring different materials.  
 
7.3.2. GFRP-to-GFRP patch repair monitoring 
 
Regarding the GFRP-to-GFRP repair, it will be important to investigate the following points. 
 
1) Recommendations 2 and 4 described above for scarf repairs can be equally subject of 
future work for this repair. 
2) To show the robustness of this technique, this work can be extended by considering 
patches of different thicknesses/lay-ups/composite materials. Further extension of 
this study could consider the effect of a symmetric repair. 
 
7.3.3. GFRP-to-aluminium patch repair  monitoring 
 
Regarding the GFRP-to-aluminium repair , it will be important to investigate the following point. 
 
1) Design study in order to investigate the effect of varying the patch thicknesses and 
material (e.g. CFRP) on the reflected spectrum. This will certainly change the load 
sharing ratio between the parent panel and the patch and therefore the strains levels 
in the adhesive where the sensor is embedded. Further extension of this study would 
considerer the investigation on the effect of a symmetric repair. 
 
7.3.4. Areas for further development 
 
It has been shown that there is potential in this method for structural health monitoring and the 
range of applicability can be vast. However, for the use of this monitoring technique on real 
systems (i.e. the transition from the laboratory to industrial environment) other issues would need 
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to be addressed. From a more practical point of view, there are currently two major concerns on 
the application of this monitoring technique to monitor composite repairs, i.e. one is that the 
sensors are inherently fragile and may become damaged during the repair fabrication, and the 
second is “what to do with the connectors?”. 
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Appendices 
The Appendices in this thesis are entitleled according to the Chapter (to which the information is 
relevant) and alphabetically. For example, Appendix 4A and Appendix 5A are the first 
appendices relevant to Chapters 4 and 5, and Appendix 4B and Appendix 5B are the second 
appendices relevant to Chapters 4 and 5. 
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Appendix 4A 
Flexural modulus calculation 
The flexural modulus of the as-manufactured coupons in section 4.2 of Chapter 4 can be 
predicted using the bending theory. Considering a uniform beam shown in Figure 4A.1 loaded in 
4-point bending, the flexural modulus is given by Equation 4A.1 [88]. 
 
Figure 4A.1: Schematic of the uniform beam subjected to 4-point loading. 
 
)
2
(
3
2 
F
bd
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Equation 4A.1 
 
In the above equation, Ef is the flexural modulus, a is the distance between the outer rollers 
and the inner rollers, b is the width of the specimen, d is the thickness of the specimen, F is the 
load and ε is the strain. For the beam shown in Figure 4A.1, the flexural modulus is equivalent to 
the Young’s modulus on the longitudinal direction (i.e. along x in Figure 4A.1). Therefore, the 
flexural modulus of the beam is 21 GPa.  
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Appendix 4B 
Damage development 
Figure 4B.1 shows the photographs of damage development of specimens S3, S4 and S5. These 
photographs show similar damage development features shown in section 4.3 of Chapter 4 for S1 
and S2. 
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(a) S3 after 2000 fatigue cycles (b) S3 after 8000 fatigue cycles 
  
(c) S4 after 2000 fatigue cycles 
 
(d) S4 after 8000 fatigue cycles 
 
 
(e) S5 after 2000 fatigue cycles 
 
(f) S5 after 8000 fatigue cycles 
 
Figure 4B.1: Photographs of the repaired region of specimens S3, S4 and S4, tensile face. Damaged 
coupons after 2000 and 8000 fatigue cycles. 
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Appendix 4C 
Strain gauge measurements 
The average of surface longitudinal strains in flexure obtained from S1 to S5 when subjected to a 
static load of 1 kN are summarised from Table 4C.1 to Table 4C.5, respectively. 
 
Table 4C.1: S1 measured strains 
Specimen S1 Average strain [µε] 
No damage 4221.5 
After 500 fatigue cycles 4395.5 
After 1000 fatigue cycles 4686 
After 2000 fatigue cycles 4690 
After 4000 fatigue cycles 4797.5 
After 6000 fatigue cycles 5043.5 
After 8000 fatigue cycles 5281 
 
Table 4C.2: S2 measured strains 
Specimen S2 Average strain [µε] 
No damage 5015 
After 500 fatigue cycles 5764 
After 1000 fatigue cycles 5974 
After 2000 fatigue cycles 6535 
 
Table 4C.3: S3 measured strains 
Specimen S3 Average strain [µε] 
No damage - 
After 500 fatigue cycles 4495 
After 1000 fatigue cycles 4697 
After 2000 fatigue cycles 4632.5 
After 4000 fatigue cycles 4757 
After 6000 fatigue cycles 4910.5 
After 8000 fatigue cycles 5183.5 
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Table 4C.4: S4 measured strains 
Specimen S4 Average strain [µε] 
No damage 4336.3 
After 500 fatigue cycles 4896.5 
After 1000 fatigue cycles 4942 
After 2000 fatigue cycles 5167.5 
After 4000 fatigue cycles 5495 
 
Table 4C.5: S5 measured strains 
Specimen S5 Average strain [µε] 
No damage 4291 
After 500 fatigue cycles 4574.4 
After 1000 fatigue cycles 4500.4 
After 2000 fatigue cycles 4551.95 
After 4000 fatigue cycles 4852 
After 6000 fatigue cycles 4974.9 
After 8000 fatigue cycles 5041.2 
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Appendix 4D 
Recorded spectra for S6 and S7 
Figure 4D.1 and Figure 4D.2 show the original reflected spectra for S6 and S7 for increasing 
bond-line crack lengths, where only the initial part of the spectra is shown (i.e. up to “A” as 
shown in Figure 4.12 of Chapter 4). The arrow shown in these figures indicates the high-
wavelength end (of the reflected spectra) shift to lower wavelengths with increasing bond-line 
crack lengths after the optical fibre has fractured (i.e. reflections from position “A”). 
 
Figure 4D.1: Experimentally recorded reflected spectra for different degrees of damage in specimen 6 
(S6), i.e. 0.9 ± 0.1 mm (after 500 cycles), 1.0 ± 0.1 mm (after 1000 cycles), 1.8 ± 0.1 mm (after 
2000 cycles), 3 ± 0.1 mm (after 4000 cycles), 4.1 ± 0.1 mm (after 6000 cycles) and 4.2 ± 0.1 
mm (after 8000 cycles) - at 1 kN load. 
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Figure 4D.2: Experimentally recorded reflected spectra for different degrees of damage in specimen 7 
(S7), i.e. 1.3 ± 0.1 mm (after 500 cycles), 1.5 ± 0.1 mm (after 1000 cycles), 2.7 ± 0.1 mm (after 
2000 cycles), 3 ± 0.1 mm (after 4000 cycles), 4.3 ± 0.1 mm (after 6000 cycles) and 4.4 ± 0.1 
mm (after 8000 cycles) - at 1 kN load. 
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Appendix 4E 
FE model of the original panel 
Due to symmetry, just one quarter of the panel was modelled with symmetric boundary 
conditions at faces a and b, as shown in Figure 4E.1. The model was 132.5 mm long, 35 mm wide 
and 4 mm thick. The model is loaded under four-point loading (as carried out experimentally) 
and a load of 1 kN was applied. Since only one quarter of the coupon was modelled, the 
concentrated load F applied (as shown in Figure 4E.1) was 250 N. At the position of the outer 
roller, a simple support boundary condition was considered and at the position of the inner roller, 
a coupling constraint on the “z” displacements along the line where the load was applied, was 
also created. This was to enable the concentrated load to be applied across the entire specimen 
width and to replicate realistically the loading condition applied experimentally. 
 
Figure 4E.1: Schematic of the as-manufactured FE model. 
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The FE mesh of the as-manufactured model is shown in Figure 4E.2. The mesh has been 
refined in the central region of the model for better accuracy in the results, and optimised 
throughout the remainder of the coupon for faster analysis. This enabled better strain resolution 
around the physical position of the strain gauge to predict the flexural modulus shown in section 
4.6.3 of Chapter 4. To obtain such a mesh, a partition was created in order to facilitate the mesh 
refinement as shown in Figure 4E.2. 
 
Figure 4E.2: General view of the FE mesh. 
 
Figure 4E.3 shows a screen shot of the axial strain contours of the as-manufactured FE 
model. It can be seen that the panel is the most strained at the maximum distance from the 
neutral axis, with a maximum axial tensile and compressive strain of just over 0.006 (0.6%) on the 
compressive and tensile sides for an applied load of 1 kN. The GFRP material is symmetrically 
strained about the neutral axis where the strain equals zero, of course. Figure 4E.3 shows 
uniformly coloured strain layers. 
 
Figure 4E.3: FE deformed shape of the as-manufactured model, at 1 kN load.
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Appendix 4F 
Axial stress and strain along the CFBG 
sensor 
The axial stress along the sensor of the GFRP-to-GFRP scarf repair when the load increased 
from 0.5 kN to 1 kN can be predicted using the bending theory (Equation AF.1) considering a 
uniform beam shown in Figure 4A.1 loaded at 0.5 kN. For this, a beam thickness d of 4.5 mm 
and a distance y of 2 mm from the mid-plane are used. The result is an axial stress at the location 
of the sensor within the constant bending moment region of 47 MPa. 
Assuming a Young’s modulus of 21 GPa, the far-field axial strain of the GFRP-to-GFRP scarf 
repair obtained from the measured and predicted reflected spectra (Figure 4.13 and Figure 4.33 in 
Chapter 4, respectively) is calculated (Equation AF.2) of 2240 µε. 
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Appendix 5A 
Estimation of the locked-in thermal 
strain 
The repair system shown in Chapter 5 (i.e. an asymmetric GFRP/GFRP patch repair) consisted 
of bonding the same material with the same coefficient of thermal expansion (CTE). However, 
the adhesive film has a much greater coefficient of thermal expansion which causes residual 
strains to be formed during the cooling stage of the curing of the adhesive from a temperature of 
120 °C  to room temperature (21 °C). In Table 5A.1, the CTE’s of the different materials used for 
the repair are shown. 
 
Table 5A.1: Coefficient thermal expansion of the different materials considered. 
Material CTE [x10-6.°C-1] 
GFRP 81 [94] 
FM-73 OST 50 [95] 
1 in the longitudinal direction 
 
The coefficient of thermal expansion of the FM-73 OST adhesive film is greater than the 
GFRP parent laminate, so that when the GFRP is bonded to the adhesive at 120 °C and then the 
temperature reduces to room temperature, the adhesive is put into tension and GFRP composite 
is put into compression as shown in Figure 5A.1 by the red and blue arrows respectively. At the 
end of the patch shear stresses are formed whereas at the centre tensile/compressive stresses. 
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Figure 5A.1: Schematic detail of the repaired region showing the stresses caused by different CTE’s (not 
to scale). 
 
The magnitude of the locked-in thermal strain described in section 5.5.1 of Chapter 5 can be 
estimated using a simple closed-form, one dimensional approach [90] (Equation 5A.1) assuming 
two bonded GFRP plates. This assumption is particularly relevant considering that the sensor 
was embedded in the adhesive film at the vicinity of the laminate parent panel (as shown in 
Figure 5.12 of Chapter 5). In Equation 5A.1, the subscript “1” corresponds to the laminate 
material and the subscript “2” corresponds to the adhesive material. The result is a joint adhesive 
locked-in thermal strain (εeff) of 820 µε. 
 
T
tEtE
tEtE
eff 


 ).(
2211
222111   Equation 5A.1 
 
Here, E is the Young’s modulus, t is the thickness, α is the material coefficient thermal 
expansion and ∆T is the temperature variation. Table 5A.2 shows the values used for the 
calculation of the joint coefficient thermal expansion. 
 
Table 5A.2: Values used for flexural modulus calculation. 
Parameter Value 
E1 [MPa] 21000 
E2 [MPa] 2000 
t1 [mm] 4 
t2 [mm] 0.2 
α1 [x10-6.°C-1] 8 
α 2 [x10-6.°C-1] 50 
∆T [°C] 100 
 
Parent panel Parent panelCut out (no material)
Patch Adhesive
x
z
Parent laminate
Adhesive film
Patch laminate
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Appendix 5B 
Axial stress and strain estimation 
The far-field axial stress between the inner rollers of the GFRP-to-GFRP repair obtained from 
the FE modelling in section 5.7.2 (Figure 5.23) of Chapter 5 can be predicted using the bending 
theory (see Equation 4F.1 in Appendix 4F) considering a uniform beam shown in Figure 4A.1 
(Appendix 4A) loaded at 0.5 kN. For this, a beam thickness d of 4 mm and a distance y of 2 mm 
from the mid-plane are used. The result is an axial stress of 67 MPa. 
The far field axial strain of the GFRP-to-GFRP repair obtained from the FE modelling in 
section 5.7.5 (Figure 5.32) of Chapter 5 can be predicted using the stress-strain relationship (see 
Equation 4F.2 in Appendix 4F). From this relationship and assuming a Young’s modulus of 21 
GPa, the strain is calculated to be 3190 µε. 
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Appendix 6A 
Damage development 
Figure 6A.1 shows the photographs of damage development of specimens S1, S2 and S4. These 
photographs show similar damage development features shown in section 6.3 of Chapter 6 for 
S3. 
 
(a) 
 
(b) 
 
(c) 
 
Figure 6A.1: Photographs of the unpatched face of (a) specimen 1 (S1), (b) specimen 2 (S2) and (c) 
specimen 4 (S4). Damaged coupon after (a) 146943, (b) 107626 and (c) 144705 fatigue cycles. 
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Appendix 6B 
Estimation of the locked-in thermal 
strain 
The repair system shown in Chapter 6 (i.e. an asymmetric Al/GFRP path repair) consisted of 
bonding two different materials using FM-73 OST adhesive film; the materials have different 
coefficients of thermal expansion (CTE). The adhesive film has a much greater coefficient 
thermal expansion which causes residual strains to be formed during the cooling stage of the 
curing of the adhesive at a temperature of 120 °C of the repair to room temperature (21 °C). 
Table 6B.1 shows the CTE’s of the different materials used for the repair. 
 
Table 6B.1: Coefficient thermal expansion of the different materials considered. 
Material CTE [x10-6.°C-1] 
Al-2014-T6 23 [93] 
GFRP 81 [94] 
FM-73 OST 50 [95] 
1 in the longitudinal direction 
 
The coefficient of thermal expansion of the FM-73 OST adhesive film is greater than the 
aluminium parent panel and the GFRP patch laminate, so that when the aluminium and the 
GFRP are bonded to the adhesive at 120 °C and then the temperature reduces to room 
temperature, the adhesive is put into tension and aluminium and the GFRP materials are put into 
compression. The magnitude of the locked-in thermal strain described in section 6.4.1 of Chapter 
6 can be estimated using a simple closed-form, one dimensional approach [90] (see Equation 
5A.1 in Appendix 5A) assuming two bonded materials, i.e. an aluminium plate and an adhesive 
film of thicknesses 2 mm and 0.2 mm respectively. The reason for not including the 
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GFRP patch is because the effective stiffness of aluminium panel is about 27 times the stiffness 
of the GFRP patch and considering that the sensor was embedded in the adhesive film at the 
vicinity of the aluminium parent panel (as shown in Figure 6.2 of Chapter 6). 
Using Equation 5A.1 (Appendix 5A) where the subscript “1” corresponds to the aluminium 
material and the subscript “2” corresponds to the adhesive material, the result is a joint adhesive 
locked-in thermal strain (εeff) of 2307 µε. Table 6B.2 shows the values used for the calculation of 
the joint coefficient thermal expansion. 
 
Table 6B.2: Values used for flexural modulus calculation. 
Parameter Value 
E1 [MPa] 72400 
E2 [MPa] 2000 
t1 [mm] 2.0 
t2 [mm] 0.2 
α1 [x10-6.°C-1] 23 
α 2 [x10-6.°C-1] 50 
∆T [°C] 100 
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Appendix 6C 
Axial stress and strain estimation 
The axial stress and strain in the bond-line of the GFRP-to-aluminium repair obtained from the 
reflected spectra in section 6.4.1 (Figure 6.9) of Chapter 6 can be predicted considering a plate in 
tension. The result is a axial stress of 60 MPa and a axial strain of 829 µε using the values shown 
in Table 6C.1 where F is the load, A is the cross-section area and E is the Young’s modulus. 
 
Table 6C.1: Values used for the strain calculation. 
Parameter Value 
F [N] 6000 
A [mm2] 100 
E [MPa] 72400 
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Appendix 6D 
Optical results for specimen 2 
Figure 6D.1 shows the original reflected spectrum (before embedding) and the reflected spectra 
(after embedding) measured on specimen 2 (S2) loaded statically in tension. Under load, the 
reflected spectra exhibited a uniform profile due to a uniform strain over the sensor length. The 
embedded reflected spectra were shifted vertically in Figure 6D.1 by +10 dB from the original 
spectrum for better visualisation. This figure shows similar behaviour to S3 and S4 shown in 
Figure 6.9a and Figure 6.9b of Chapter 6. 
 
 
Figure 6D.1: 
 
Original sensor reflected spectrum and experimentally recorded reflected spectra of a 
repaired but undamaged specimen S2 at (i) 0 kN and at (ii) 6 kN. 
 
Figure 6D.2 shows the reflected spectrum for specimen S2 recorded before the start of the 
fatigue test (undamaged specimen spectrum) and the reflected spectra recorded during the fatigue 
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test as the fatigue crack grew towards, and past, the location of the sensor. These spectra were 
taken at crack lengths of 0.9, 1.6, and 12.5 mm. The fatigue test was periodically interrupted in 
order for these recordings to take place using an travelling optical microscope and also to 
photograph the specimen. All the spectra were obtained with the fatigue test interrupted and the 
specimen loaded statically at 6 kN. In Figure 6D.2, the spectra have been shifted +10 dB on the 
intensity scale, starting from the undamaged spectrum, for better visualisation. Figure 6D.2 shows 
that, with increasing fatigue damage up to a crack length of 1.6 mm, the sensor was unable to 
detect any presence of the fatigue crack as shown by the uniform reflected spectra. After a crack 
length of about 12.5 mm, a perturbation within the reflected spectra is formed as shown by the 
dashed circle in Figure 6D.2. It is possible that the increase of the stress levels at the crack tip is 
actually detected by the sensor by showing increasingly noisy reflected spectra at higher 
wavelengths of the perturbation and the formation of a new perturbation beyond the high-
wavelength end of the spectrum. Similar behaviour was found for specimens S3 and S4 in Figure 
6.10 and 6.11 of Chapter 6. 
 
Figure 6D.2: Experimentally recorded reflected spectra for different degrees of damage after from 0.9 
mm to 12.5 mm crack length in specimen 2 (S2) loaded at 6 kN. 
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